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l.___TASK REVIEW

The objective of this project was to develop novel chemical sensor
devices in support of programs at the U.S. Naval Research Laboratory's
Surtace Chemistry Branch. The project involved extensive collaboration
with scientists employed by Geo-Centers, Inc. and the U.S. Naval Research
Lab. During the course of his program Microsensor Systems, Inc. focussed
its efforts on the following tasks:

1) The desigr, fabrication, and evaluation of model sensors based on
surface acoustic wave (SAW), opticai waveguide and chemiresistor
technologies.

2) Design, fabrication, and operation of Aautomated vapor generation
systems and the operation of these systems to permit he rapid
testing of chemical microsensor devices and chemically selective
coatings developed as pari of this program.
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.  SUMMARY OF WWORK PERFORMED

During the period from 1 January 1986 to May 1988, Microsensor Systems,
Inc. supplied Geo-Centers, Inc. with a broad spectrum of hardware and
services in- support of the Chemical Detector Development orogram at the
U.S. Naval research Laboratory. The highlights of work periormed in each
significant category are described here. Detailed reports of the work
performed and results obtained are provided in the Appendix.

A) SAW Hardware

The SAW vapor sensor was the primary sensor technology being developed
in this program. Microsensor Systems, Inc. fabricated several different
SAW sensor configurations that could be used in the laboratory to evaluate
selective coating performance. These included a 52 MHz dual SAW delay
line oscillator and a 158 MHz dual delay line oscillator. These two SAW
devices were the primary vehicles used to conduct chemical sensor
coating development at NRL. Descriptions of the devices, the supporting
RF electronic hardware and operating instructions for these devices are
contained in the Appendix. Microsensor Systems, Inc. also fabricated a
field portable 4 SAW array instrument using 112 MHz dual SAW delay line
oscillators.  This instrument contained a built in air sampling pump.
scrubber and solenoid valves to permit the periodic sampling of ambient
air.  The instrument provided frequency data to an Apple lle data
acquisition computer equipped with a four channel frequency counter. The
4 SAW array sensor was tested at NRL and sent to the U.S. Army CRDEC Lab
for evaluation with chemical agents and simulants. Finally, Microsensor
Systems, Inc. conducted a study to compare the relative performance of
SAW oscillators built with the delay line and resonator configuraticns.
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3) Chemica: Sensor Developoment and Evaluation

All of the chemical sensors explored in this program require a chamically
selective coating. Thus, the development of ccatings and the evaluation of
their relative periormance was an important focal point of this program.
All of the chemically selective coatings were iniended for use in the field
of chemical defense and most of this work was reported ai the annual
Corference on Chemical Defense Research sponsored by the U.S. Army
Chemicai Research, Cevelopment, and Engineering Center (CRDEC) at
£dgewood, MD. Microsensor Systems, Inc. participated in this research
effort by fabricating SAW and chemiresistor sensor devices- and related
electronics, applying candidate coatings 10 the sensor devices, evaluating
the sensor responses to challenge vapors, and designing experiments to
test hypotheses.

C) Automatic Vapor GCeneration Systems

Perhaps the most labor intensive aspect of the chemical sensor
develooment program at NRL was chemical vapor testing of the devices.
Detailed evaluation of sensor performance demands that each sensor be
exposed to a significant number »of diiferent gases under varying
conditions of concentration, composition, temperature, and flow rate.
Conrsiderable effort was expended to fabricate tully automated systems
thar could provide a dozen source vapors, singly or as binary mixtures. The
final vapor generator fabricated for this program (i.e. "VG-7000") cffered
fully programmable concentrations over a range of 5 orders of magnitude.
The use of a novel digital pneumatic pulse width modulation scheme
mimimized the carrier gas consumption to a mere 700 sccm while
permitting simple, gravimetricaily calibrated bubbler vapor sources to pe
used. Complex experiment sequences could be readily programmed to
permit days of unattended operation.
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1. FUTURE RESEARCH RECOMMENCATIONS

The chemical sensor development program was highly successful in
several areas. These successes serve 2< an obvious guide to promising
research programs for the future. Specific areas that should be given
attention in the future are itemized telow.

1) The chemically selective coating research conductad in this prcgram
led to a considerably clearer understanding of how SAW coatings and
vapors interact. The solubility parameter models that were investigated
during this research will most certainly prove to be valuabls to chemical
sensor developers and these models deserve further investigation. Further
exploitation of hydrogen bonding interactions could prove to be a
particularly interesting facet of future research.

2) The ability of chemical sensor arrays to discriminate among a variety
of analyte vapors was unambiguously established during the course of this
work. Further development of SAW array sensors should be an important
priority for future research.

3) SAW resonators were shown to be a superior sensor device compared
to SAW delay lines, owing to the higher frequency stability exhibited by
the resonators. Development of SAW resonator va~or sensor devices wouid
certainly be worthwhile in the future.
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152 MHz 4 SAW Array Instrument

52 MHz Dual SAW Vapor Sensor Hardware

158 MHz Dual SAW Vapor Sensor Hardware

A Study of SAW Oscillator Performance: SAW
Resonators vs. SAW Delay Lines
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B. Research Papers Published in the Proceedings of the 1386
U.S. Army CRDEC Confarence on Chemical Defense Research

"Poly{ethylene maieate) Variants icr SAW Microsensor
Coating Study”

A.W. Snow, D.S. Ballantine, T. Whitney, W.R. Barger, M. Klusty, H. Wohltjen,
J. Grate, D. Chaput,

Proceedings of the 1986 U.S. Army CRDEC Conference on Chemical Defense
Research, 18-21 Nov. 1986, (CRDEC-SP-87008) pp. 695-703.

"Limits of Chemical Microsensor Technology",

J.S. Murday, S. Caras, H. Wohitjen,

Proceedings of the 1986 U.S. Army CRDEC Conference on Chemical Defense
Research, 18-21 Nov. 1986, (CRDEC-SP-87008) pp. 405-413.

"Chemiresistor Vapor Sensor Coatings: Structure and
Properties”
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Proceedings of the 1986 U.S. Army CRDEC Conference on Chemical Defense

Research, 18-21 Nov. 1986, (CRDEC-SP-87008) pp. 863-868.

"Sorption Kinetics Measured by Surface Acoustic Wave
Shifts"

D. L. Bartley, D. Dominguez, W.R. Barger, A.W. Snow, anc H. Wohltjen,

Proceedings of the 1986 U.S. Army CRDEC Conference on Chemical Defense
Research, 18-21 Nov. 1986, (CRDEC-SP-87008) pp. 825-830.
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APPENDIX OF WRITTEN REPORTS

C. Research Papers Published in the Proceedings of the 1987
U.S. Army CRDEC Conference on Chemical Defense Research

“Correlation of SAW Vapor Sensor Responses with
Partition Coefficients”

J.W. Grate, A.W. Snow, D.S. Ballantine, H. Wohitien, M.H. Abraham,
R.A. Mcgill, and P. Sasson

Proceedings of the 1987 U.S. Army CRDEC Conference on Chemical Defense
Research, 17-20 Nov. 1987, (CRDEC-SP-88013) pp. 297-303.

"Synthesis and Evaluation of

Hexafluorodimethylcarbinol Functionalized Polymers as
AW Sensor ings"

L.G. Sprague, AW Snow, R.L. Soulen, J. Lirt, H. wohitjen, D.S. Ballantine,
J.W. Crate

Proceedings of the 1387 U.S. Army CRDEC Conference on Chemical Defense
Research, 17-2C Nov. 1987, (CRDEC-SP-88013) pp. 1241-1251.
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APPENDIX OF WRITTEN REPORTS

D. Optical Waveguide Research

"Opntical Wavequide Humidity Detector’

D.S. Ballantine and H. Wohitjen

Analytical Chemistry, 1986, 58, pp. 2883 -2885




- 1

APPENDIX OF WRITTEN REPORTS

E. SAW / Chemiresistor Studies

"Simultaneous Electrical Conductivity and
Piezoelectric Mass Measurements on lodine Doped

Phthalocyanine Langmuir-Blodgett Films"

AW. Snow, W.R. Barger, M. Klusty, H. Wohltjen, and N.L. Jarvis

Langmuir, 1986, 2, pp 513-519.

"Surface Acoustic Wave Sensors. Chemiresistor
Sensors and Hybrids Using Both Techniques
Simultaneously to Detect Vapors’

W. R. Barger, M. Klusty, A'W. Snow, J.W. Grate, D.S. Ballantine,
and H. Wohltjen

Proceedings of the Symposium on Sensor Science and Technology, April 6 -
8, 1987, Case Western Reserve Univ., B. Schumm, C.C. Liu, R.A. Powers, and
‘ E.B. Yeager eds., The Electrochemical Soc. Proceedings Volume 87-15,
pp. 198-217. (Lib. of Cong. # 87-83041)
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F. SAW Coating Studies

e

"Correlati f SAW Devi wi

Solubility Properties and Chemical Structure Using
Pattern Recognition”

D.S. Ballantine, S.L. Rose, J.W. Grate, and H. Wohitjen

Analytical Chemistry, 1986, 58, pp 3058-306C.
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"Determination of Partition Coefficients from Surface

Acoustic Wave Vapor Sensor Responses and Correlation

with Gas-riquid Chromatographic Partition
Coefficients"

{

s

J.W. Grate, A.W. Snow, D.S. Ballantine, H. Wohitjen, M.H. Abraham,
I R.A. McGill, and P. Sasson

Analytical Chemistry, 1988, 60, pp. 869-875.

"The Use of Partition Coefficients and Solubility

Properties to Understand and Predict SAW Vapor Sensor
Behavior"

J.W. Grate, AW. Snow, D.S. Ballantine, H. Wohltjen, M.H. Abraham,
§ I R.A. McGill, and P. Sasson

Proceedings of the International Conference on Solid State Sensors and
" Actuators, "Transducers '87", Tokyo, Japan, June 6-9, 1987
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G. Vapor Generation Systems

"An Automated Vapor Generation and Data Collection

Instrument for the Evaluation of Chemical
Microsensors”

J.W. Grate, D.S. Ballantine, H. Wohltjen

Sensors and Actuators, 11, (1987) pp. 173-188.

"VG-7000 Automatic Vepor Generation Systein
Operating Manual"
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SURFACE ACOUSTIC WAVE VAPOR SENSOR SYSTEM
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1. SYSTEM DESCRIPTION

The Surface Acoustic Wave (SA'W) vapor sensor system censists of an
array of four 112 MHz dual delay line oscillators. Eafn oscillator device has
one side coated with a selective organic film chosen for its ability to absord
organophosphorus compounds {i.e “G" agents or their simufants). In
addition to the four SAW devices and their associated RF support
electronics, the system also contains regulated DC power supplies to permit
operation from 120 Volt 60 Hz pcwer sources, interface electronics for
communication with an APPLE 11 microcomputer, an air pump to draw
ambient air across the sensors, an air scrubber to provide a source of clean,
dry reference air, and a solenoid valve with TTL drive electronics.

In normal operation the SAW sensors provide a signal which is the
difference frequency between the clean and coated oscillator of each
sensor. This signal is processed into a TTL compatible pulse train whose
frequency is determined by four frequency counters which are plugged
directly into the APPLE !] interface sléts *1,2,3,and4. The difference
frequencies obtained from each sensor are usually in the range of 100 to
800 kilohertz. Ambient air is drawn across each sensor witl. suction from a
small (but very noisy) air pump. An electric solenoid valve is used to
control the air exposed to the sensors. This valve is controlled through a
cable which is plugged into the APPLE 11 game controller int2rface socket.
It can select either ambient air or ambient air which has been scrubbed
with Drierite and charcoal. By switching back and forth between these two
sources of air it is possible to obtain accurate compensation of baseline

drift. This system works on a three minute cycle in which the sensors are
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exposed to scrubbed ref erence air for one minute, contaminated(perhaps)
ambient air for one minute, and scrubbed rererénce air for the final
minute. The APPLE 11 computer controls the sequencing of the
measurement, the acquisition and processing of experimental data, and
printing (on paper) and storage {on disk) of the results of each three
minute measurement. The system can run unattended until the disk is full
of data. Approximately 30 three minute measurements can be stored (i.e.
80 disk files). Thus a minimum of four hours of unatiended operation is
possible. } ‘

The experimental results are available in hardcopy which is not easily
interpreted at a glance. It was not possible to develop more elegant data
processing software in the time available. Therefore, it is important that
the disks containing the raw data be returned to NRL after the field test so
that the resuilts can be worked up into human compatible form (i.e. graphs

and pictures).
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11.  SET UP PROCEDURE

Putting the SAW vapor sensor to work is straightforward. The {ollowing
sequence can be performed to get things going.

1. Position the Equipment.

The APPLE 1] microcomputer printer display disk drive, and SAW
sensor package must all be located near to each other since the connecting
cables are all rather short. The sensor package will be placed on top of the
APPLE 11. The display, printer, and disk drive will have to be placed on

either side of the computer. The sensor package power supplies get hot
and need adequate ventilation.

2. Plug in Cables and Interface Cards.

The following interface cards must be plugged into the APPLE II:
a. Four Frequency Counter Cards : Slots *1,2,3,and 4.

b. Printer interface card : Slot *5.

¢. Disk Controller card : Slot #6

Slots #0 and *7 will be empty.

The following cables must be plugged into the APPLE II:

a. Cable Irom sensor package to Game Controller socket. (NOTE: be
careful of polarity !)

b. Cable from APPLE 11 video output to display monitor.

¢. Disk Controller cable from interface to disk drive.
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Printer cable {romn interface to printer.
Power cable from 120v 60 Hz outlet to APPLE 11 power supply.

The following cables must be connected to the sensor package:

a.

4

Canle from APPLE 11 frequency counters. (Thick black bundle)
Power cable to 120 v 60 Hz power outlet.

Attach Air Connections to Sensor Package.

Connect ambient air sampling line to 1/8° SWAGELOK ambient air
inlet connector. Air presented to the sensor injlet must not be
pressurized. It must be at ambient pressure.

Connect air scrubber to 1/8” SWAGELOK scrubber intet. The
scrubber should be examined daily. If the indicating Drierite has
turned from blue to pink over 903 of the length of the Drierite bed
then it must be replenished along with the charcoal. This will
probably be required every 8 hours the system is pumping air.
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I1I1. OPERATING PROCEDURE

Once the system has been set up it should be double checked before
power is applied. When satisfied that everything is OK, then the system
can be powered up. The order is not critical but the following switches -
must be turned 'ON™:

a. Power switch on sensor package (near fuse).

b. Video display power.

¢. Printer power. (Also, make sure printer is "ON LINE" or the system

will hang up until it is on line).

d. APPLE 1] power switch.

Turning on the APPLE 11 power will automatically cause it to “boot”
itself by loading programs from disk. Once the cursor appears on the
display it is a good idea to look at the "“CATALOG" of the disk. If the catalog
irdicaes the diskette has many data files on it (e.g. more than 20) then a
new diskette should be used if more than a few hours of data is to be
taken.

To start the vapor sensor it is necessary to type the following
commands (always in CAPITAL LETTERS followed by hitting the "Return”
key):

JRUN CRDC SAW

The disk will run for a few seconds and then a few questions will

appear' on the monitor screen which ask for dape, file name, and some

descriptive information. Enter whatever is appropriate as long as the entry




6
is less thar about 100 characters long. Hit “return” to proceed after éaéh
question. The only critical entry is the file name. Care must be taken not to
duplicate previously used names unless the previous files are expendable.
The system will print a few things on the printer (make sure it's "ON LINE"
1) and then will proceed to take data from the SAW sensors. The computer
will take about a minutes worth of data to get things started and then will
begin its 3 minute measurement cycle. At the end of each cycle, the
computer will save the raw data in a disk file and print some processed

results on the printer.
To stop the system at any time, hit the escape key (marked "ESC”)

If things are really going wild, hit the control (marked "CTRL") and
Rese! keys simulitaneously. Then start over by typing RUN CRDC SAW.

Thats all there is to it. Once the system is set up all that is required is
to turn on the power switches and start the APPLE 1] data acquisition
program (CRDC SAW).

Problems, complaints, and inquiries should be brought to the attention of
Hank Wohitjen
(703) 250-5336  (Microsensor Systems, Inc.)
(202) 767-2536 (Naval Research Lab)
(703) 250-7932  (Home)
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1 REM LAA AL I LI I XD TN Y RRY R Y GOPGgpgggr gy
2 REM »
3 REM » SAWTEST
4 REM »
S REM »
65 REM »
7 REM » .
8 REM »
? REM » BY
10 REM =
11 REM » MICROSEMSOR SYSTEMS
12 REM = INC.
3 FREM = F.Q. EOX SO
14 REM » FRIRFAL VIKGINIA
S REM « 2ROTO
19 REM »
20 REM BRAB A B L RN DGR BERRBREERBR BRI PINS RGN
101 REM »
102 REM » SLUT ASSICNMENTS
104 REM »
105 REM »
106 REM « CSLOTHO = B0 COLUMNM CARD (OFTIONALY
107 REM » SLCT#1 = FREQ.COUNTER L
108 REM « SLOTHZD = FREQ.COUNTER #2
109 REM & SLOTHEZ = FRED.COUNTER 47
110 REM » SLOT#4 = FREQ.COUNTER #4
111 REM » SLOTHS = ERINTER IMTERFADE
112 KREM & SLOT#6 = DISK CONTROLLER
113 REM = SLOTH#7 = <EMPTY)>
199 REM
200 REM
TPO REM A 40000 000autanssnnsiney
991 REM »

7T REM = INIT FARAMETEKS
TP REM »

99 REM oposscssrasvssatnresnws
1000 HIMEM: 22000

1010 TEXT

1020 oM

1020 DIM RF(Z,220

1030 DIM EL1Z(4,10)

1050 DIM [RZ(a,10)

1060 DIM BIZ(4,10)

1100 DIM FR(4, i)

1110 RIM FF(S,10)

1120 DI FACLO)

1120 DIM X1 (%)

11407 DIM X2 (™)

1159 DIM 1)

1160 DIM Y2 (5)

1170 OIM SI6G(D)

1200 Y7 = o
210 N = 0
12220 gf: = o
T12%Z0 DU o= 0
1240 FS = 1000

120 CY = o
1200 .A = 49294 .

O




1296 WEM =

1257 REM » TURN SOLENGID (837
1373 REM »(LOGIC I ON GAME FIN 81
1399 REM »

1400 22 =  PELE (49741)

14165 REM »

1417 REM » TURN FUMP ON

1418 REM »(LOGIC O ON GAME PIN Ht4)
1319 REM »

1420 ZZ = PEEK (49242)

1300 FRINT

S10  FRINT

1S20 FRINT = SAW DATA ACQUISITION FROGRAM"
152 REM =

152 REM # INFUT EXP. PARAMETERS
1529 REM »

152 GOSUB 31000

531 REM & FRINT HEADER

1533 GASUR S2000

1535 HOME : VTAR S: HTAR 7

1540 FRINT » TURN ON SAW SENSQORS™
1S5S0 FRINT : FRINY

SS5 HTAR S

1560 FRINT " 3YSTEM WARMUP IN FRDGRESS";
1980 REM =

1982 RZM »

1990 REM #0805 825%% 5% 503585 %%%%%

1991 REM =

1992 REM »
1993 REM » MAIN FROGRAM
1994 REM =
1993 REM =

1997 FREM #4600 ntentsininhsatssn
1993 REM =

1599 REM =

2000 FOR N = 1 TG 7
200Z 66 = 0

2010 GOSUR 25000

NEXT N

HOME ~
REM »

REM LAA R LT XX T TS P RR WO PR ae g
REM =

FFE = 0

TL = O

T =0

SO =35

SF = 10

CE = 18

REM =

GG = 1

REM +

REM #E2aassatmthenisenese
REM »

fREM %  MODULATE % ACOUIRE
REM »

REM AAAEZE L 22 TR 2 SRy
2214 REM =
2020 FOR N = | To =€
2Z2T VAL Zd: MTAR S
2227 IF N = § THTH CFRINT "ruUrcIing ";“

2220 PR o= BF o+ g




-

Prbagadt
——
220

-~

popey (3
227
~—~y
-

L2392

2240
2257

~r
-

IS

2260
2256
2267
2268
2270
2280
2295
2256
2297
2298
2299
2200
287
2263
2T69
2370
2497
2458
2457
OO
SO00
3990
2992
AN
4001
AQPG0
4992
499
3995
4999
S0O00
S00%
010
SOZ0
SOz2
SoZs

3020

S0Z3
50409
045
0484
SOT0
S060
9599
25000
250601
S5002

25007

_25()1_).1

JS00S
ZTO06
25009

2Ta1s

25020

2T0T0

28050

25060
25070
25000

280507

28092
25094
5100
2S20C
T4

AET »
EEM e TURN SOLENTSTD Dt
hii1 e

IF N = SO THEN 22 = ¥FEEY (49230): FRINT =~

i =
REM » TURN SOILECRQOLID QOFF
REM »
REM »

IF N =2 SF THEN 22 = FEEK (492461): FRINT “PURGING *;

REM »

REM » GhhR SAW FREQS.
REM »

GOosuUR ITQ0o

REM »

RECM = CHECK STATUS OF ESC
REM »

GOSuB T0000

NEXT N

REM »

REM s#essessnsssarsvasansnan
REM »

REM » COMFUTE FEAI. S12E
REM »

GOSUB ZS000

REM =

REM # SAVE DATA ON DISK
REM =

GOSUR S3000

REM =

REM #  FRINT RESULTS

REM =

GOSUB S5000

GOTL 2100

REM
REI

REM »

REM =

REM #8408 0astiusianesnsnsns
REM »

REM =

REM =

REM #

TEXT

HOME

FRINT : FRINT

ERROR HANDLER

LAA R AR 2 1 1 2 2 X 2y PV gy

JL = FEEK (222

FRINT : FPRINT
FRINT : FRINT
FRINT “CRROR # = ";JL

FRINT : FRINT "CRKOR #9 MESNG DISK FULL*™
FRINT : FRIMT

FRINT “INZERT ANOTHE : DIGH IF REQUIRED"
FRINT « FRINT
FRINT : FRINT

INFUT "FRESS RETURN....":H?

GOTO STono '

END

fEM LASASR AL ELE T B L P R O R
REM -

REM » FREQUERLY DATA ACDUISITION
REM » RQUT (N

NEM - o .

REM » - D=FREQUENCY

REM »

REM «

et RAAAAREELEWEERES SN B e
REM #»
A = 49794

FE o= 0

VTAL 1S: HTAD 12

FRINT "REAL TIMEZ parrar; . N

VTAL 17: HTAE =

n
1

FRINT "ELAFSED TIME  SawW FRCO. DELTA";

VTAB 18: HTAE T
FRINT "eecemeeeea o
Z2Z = FEEN (A)

IF 22 = 255 THEN GDTO 22100

KK = KK +

FLING"




<5497 REM «»
25498 REM 2249848028 0sannsusnas
TA99 REM =

2550” RIZ(1 ,KK) = FEEK (4%7298)
23502 BIZL(1,KK) = FEEK (3929
25504 BIZL(1,KK) = PEEK (4a9300)
20508 27 = FEEK (492072)

<T510 B1UA(2,KK) = FEEK (497%143)
ity $ed B:Z(Z,kk) = PFEEK (49213)
25514 B3IZL(2,KK) = FEEK (45316
253516 2Z = FPEEK (49318)

25520 B14(3,KK) = FEEK_(49" 0)
Q0T BR2AUIS,KKY = PEEK (4%331)
28524 BIZL(3I,KK) = FPEEK (4q¢,‘)
20526 TZ = PEEK (49223)

23530 B1Z(4,KKK) = FEEK (4934&)
LTT3I2 B3 ,KN) = PEEK (49247)
25534 B3I% (4, KK) = PEEK (49348)
25826 ZZ = PEEK (49I50)

25597 REM »

25558 REM #2842 50%808 0888800885
25599 REM +

25600 27 = FEEK (A)

19 F 2Z = {27 THEN GQOTQO 23500

25650 REM =

256595 REM %4 B0 tuusdsshstdtne

25696 REM »

25710 IF KK = 2 THEN GOSUB ZEOOQO
S720 IF KK = 3 THEM GOSUB 27000

25740 IF KK = 4 THEN GOSUR 25000
25790 IF KK < 10 THEN GOTO 25100
00 IF KKK = 10 THEN GOSUER Z&000

- ey

""‘“JD GOSUR Z1000

2T9F0 RETURN

26000 REM #% 4% %% %% %5 % 52 N80

2L00T REM #

26004 REM % CALC. AVG. FREQ.

26009 REM =

26010 FREM A et sdaateiixtsesies

26100 FOR I = O TO 3

26110 AV = O

W10 FOR I = 2 TO 10 STEP 2

26170 AV = AV + FR(1, D)

26140 NEXT J

2518) FA(I) = AV 7/ 4

26TOO NEXT I

25990 RETURN

27000 REM #4%5xftSnanesnsses

27003 REM =

27005 REM *»  FRINT RESULTS

27009 REM »

27010 REM #4sntxuisaesnetnes

271006 HTAL S

RT7UID VTAR 21

T 27120 TUERINT Ti® bIN. g

27200 FOR I = 0 TO T

27210 VTADR (21 + D)

“7"1u HTAR 18
FRINT "#";1;" = . "3
HTAR 22 T o
PRINT F(I);

27300 NEXT I '

27000 TL = TV + 2

27820 T = TL /10

27900 IF T > S.8THENT = O

27990 RETURN




g youl il

I

23000
<8002
I800%
280097
28010
28100
28200
23310
832

23330
28340
<8500
<B&OO
8700
29990
29000
29001
290038
Z9009
29010
29100
<9200
29200
2532

29240
29TT

29360
29280
29400
29950
J0000
30001
30003
0004
S0010
30019
050
J0260
0247
J0Z70
0272
30275
J0276
J0277
30278
30230
0289
0250
0291

20100
~0nagn
RAVIAsTa]
I0S10
I0ST0
I0SEQ
ZQOBOO
Z0900

REM sovescwsvnansnnnve
REM «
REM & S FOINT SMOOTH
REM »
REM sssvvscasnsonvsnns
FOR I =0 TD 3
FF(I,S) = FF(I,8)
(I, 4) = FF(T,)
FF(I,3) = FF(I,2)
FFCI,2) = FFLI, L)
FF(I,1) = FA(D)

FOI) = FF(I,1) + FF(1.,2) + FF(L,3) + FF(1,4) + FF(I.,S)

FOIY = INT (F(l) /7 %)

NEXT 1

RETURN

REM #sssnvsssosnsnnsonn

REM =

REM # FIND DERIVATIVE

REM »

REM #esssunssnnvusnnney

FOR 1 = 0 TO =
D(I) = F(I) - OF(I)
OF (DY = F(I)

HTAR 33

VTARB (2y + )

PRINT » "

HTAR 32

FRINT D(I);

NEXT I

RETURN

REM nesasansssosssusnnovenasnnssnane
REM =

REM » STATUS CHECKER

REM =

REM =

RTM et R B M SRR RN SR BN N
IN = FEEK (491%2): FOKE |7168,0

IF 1IN < > 155 THEN RETURN

TEXT : HCME

VTAT 21

INFUT “STORE DATA AMD QUIT TAY OR N}
IF J% = “¥Y" THEN GOSUB SZTOOD: END
INFUT "COLLECT MORE DATA 7 (Y OoR HN)Y
IF Q% = *N" THEMN €ND

HOME

RETURN

REM #essnascrsssrrvsitnesevon

REM =

REM * FLOT DATA

REM  »

REM sossssernasisnansnsnyoss
IF GO = 0 THEN RETURN
RETURN

FOR I = 0 10 =
D= pD(1)

Y = BB - 20 » (D s FS)
IF Y < O THEN Y =
IF Y > 40 THEM Y = 40
FLOT N.,Y
NEXT 1
RETURN

T ":Jds

";Qr




J1000

P RUICE

310035
31009
31010
S1100
31120
31200
31200

31400
31440
31500
31990
33000
35001
35003
ISON9
3T010
335100
35200
35200
IS400
54350
35500
ISS30
384600
35700
35710
35720
35720
JS800
35900
JE5550
T6000
6001

6003
36009
35010
JHOZ0
J&L0ZS

36030

J&H0TS
I&H040
6050
J6055
I6060
T&H070
6080
6050
TELOO
TH200
THTOO
T640.)
J5950

REM
REM
REM
REM
REM
FOR

sreveversavenssnELS
-

* REASSIGN DATA

-
FRrELERNARNRRVERAR IR

1 =07T03

RF(I,FP)

= FA(ID)

FOR J = 1 TO 190

FR(I,J) = (B1%(1 + 1,J) # &655T&) + (BIZ(I + 1,J) * 258) + BIZ(I + 1§

)
NEXT J
FR(I1,1) = FR(I,2)
NEXT I
RETURN
REM #8955 885393 3 3 3 % % 3 3 % 3% % % %
REM »
REM » COMPUTE FPEAK SIZE
REM »
REM %22 885340 0088850808000
SP = 0
FOR I = 0 TO 3
S3 = Q0:E8 = O:1S = 0:CC = O
SS = RF(I,S0) + RF(I1,(S0 - 1))
§Ss = S5 / =
ES = RF(I,(SF + 2)) + RF(I,{(SF + 2))
ES = g5 7 2
SL = (ES -~ S2) /7 ((SF - S0) + )
FOR J = (S0 + 1) 70O (SF + 1)
CC = CC + 1
IS = 1S + (RF(1,J) - (S8S8) — (5L = CC))
NEXT J
SIG(I) = INT (IS 7 CO)
NEXT I
RETURN
REM #4822 8220 0880088840
REM #
REM = FRINT RESULTS
REM »

REM #5480 835000628080808%

CY = CY +

FRINT CHRE (8):"FR#S"

FRINT NE; TAR( 12);SI16<0); TAB( 12);SI16(1); TAEB( 12);SI1G(2); TAB(
12);SIG(D)

FRINT

FRINT CHRE (&) ; "FRUO"

HOME

VTAR 2: HTAR S

FRINT "2 MIMUTE SAMFLE &% FURGE RESULTS3"

VTAR 4: HTAR 16

FRINT "“CYCLE #";CY

FRINT

FRINT

FOR I = 0 TO 2

FRINT “SENIOR #>:I;" FEAK HEIGHT (HZ) = ";SIG(I)

NEXT 1

RETURN




NIRRT INC* ®eccssevesvvsvosnravinvrsvsed"ap
S0001 REM e
SOCQZ  REM » COORDINATE FLOTTER

SON0T REM e

ZO004 REM e

=0010 REM #303063433808803000080008080330
S0020 GG = 1

TON8S  RETURN

500720 HCCLOR= 7

SO100  HOMCE

50110 MGRT

SO120 HRLOT 0,0 TO 0,159

SOLZ0 HFLOT 0,79 TO 200,79

ZO200 FOR Q@ = O TO 1%9 STeF 15.9

S0210 HPLOT 0,Q TO 3,a

S0220 NEXT Q

50300 FOR Q@ = O TO 200 STEP 20

SOS10  HPLOTY Q,77 76 Q,81

SO0T20 NEXT @

SOS0N RETURN

51000 REM #8820 002 8080800580080l bibtntns
S1001 REM »

S1004 REM # INFUT EXFERIMENTAL

1005 REM » FARANETERS

51019 REM +

S1020 REM #400080800i80000at8issiuscdanss
$1100 VTAB 21: HTAR

1110 INFUT "DATE

51120 INPUT "FILE NAME
S$1140 INFUT “DESCRIFTION
51150 INFUT "TEST ATMOSFHERE
$1900 RETURN

52000 REM #0042 0000000st0iillit000iasne

S52001 REM »

2004 REHM CUTFUT EXFERIMZINTAL

S200S  REM » FARAMETERS

S2O19 REM #

BE2020 REM 40068t iiiinitsiniensssinsnsrne

S2100  FRINT CHRE (4):"FR#G"

52110 FRINT ™ S AW [OAaTA EUMMARY”
S2120  PRINT

52140 FRINT

. 13
n

S2142 FPRINT “DATE : "iMrT
%2148 FRINT "ATHOSFHERE : “;FE
2160 FRINT "FILE NAME : “iFX
2180 FRINT “DESCRIPTION : "3AS

S2230  FRINT @ FRINT : FRINT

®Z230 FRINT "SENSOR O : ABIETIC ACID

2S00 FRINT “SENSCR 1 @ FCLYAMIDOXIME

SI2T&60 FRINT "SENESOR 2 : FOLY(ETHYLENE MALEATE)

SIT70 FRINT "SENSCR 2 @ FLUOKO FOLYOL

S22BO FRINT @ FRINT : FRINT

SI2F0 FRINT ¢ FREQUENCY SHIFT (H2) AFTER T MIM. EXFOSE
£~

SI3295 FRINT

S2T00  FRINT “FILE NAME SENSOft 0 SENGOR SENZOR 2

S2TOE FRINT "ewememwmee ccecae—— e

S2ST0  FRINT

S2T30  FRINT

S28O0 FRINT CHRE (4): "FR#O*™

S2900  RETURN

SO0 REM #8200t s sttt ststiRsatntirpsitnns
STOO REM =

(79 KHZ)
(G2 #KHZ)
(90 KHZ)
(107 KHZIY "

AND FURGE CYCL

SENZOR &




[

SZous
o019
5020
53027
53028
sl
52030
e e . 33040
S3050
3100
33180
SZ190
52200

- -
o ey o

53240
33260
53280
33300
53510
S332
33330
T340

e
ot

S2380
83370
SZZ8w
33800
S3I8Z20
53540
S3IT50
53580
ST500
S380O
ST3ZO
53990

1

LR

-

REM = DISK STORAGE ROUTINE

REM =

REM hAAAALA LI T LT T YR Y Y Py
REM =

REM e TURN OFF SOLENOID

REM = ‘

IZ = FEEK (49241)
DU. = DU + 1

ONERR GOTO 35000

HOME

VTAB 22: HTAR 7

FRINT

"DATA EEING STORED ON DISK™

Df = CHRE (3)
NE = F$ + . " + gSTRS (DW)

FRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
FRINT
FRINT
PRINT
PRINT
FOR J
FOR 1
FRINT
NEXT 1
NEXT J
PRINT
VTAB 2
FRINT

D$; "OPEN ";N5
D%: "DELETE ";Ns
D¥; "OFEN ";N$
DE; "WRITE *;Ns
FP '

Mt

(28

N$

A%

S0

SF

SE

=07T0 X

=1 70 FP

RF (I, 1)

DE;"CLOSE “;nNr
2: HTAR 7

" e

RETURN
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GENERAL SAW VAPCRH SENSOR CONSIDERATIONS
Theoretical Model of SAW nsor R n

The signal provided by a SAW oscillator vapof sensor can be described by the
following theoretical equation (4):

4qu’ N+ \
2 4 2 s H
r

where Af is the SAW oscillator frequency change produced by the vapor absorbed
into the coating, ky and ko are material constants for the piezoelectric substrate, 5 is

the unperturbed resonant frequency of the SAW oscillator, h is the coating thickness, p’
is the coating density, p'is the shear modulus and X is the Lame’ constant of the
coating, and V, is the Rayleigh wave velocity in the piezoelectric substrate (3159 m/sec

for Y-X Quartz). This relationship assumes that the SAW device coating is isotropic
and non-piezoelectric and that the coating ccvers 100% of the deiay line surface.
Furthermore, the relationship is valid oniy for very thin films (e.g. less than 0.2% of the
acoustic wavelength thick). For thicker films, equation 1 can only provide estimates of
the signal magnitude. When organic coatings are employed, it is often found that the
second term of equation 1 is negligible because the shear elastic modulus of the
coating ( p' ) is small compared to the square of the Rayleigh wave velocity (V).

Under these conditions, equation 1 reduces to:
af=k+ky) 12 hp (2)
For Y-X Quartz SAW devices, kq = =9.33 x 108 m2-sec/kg and Ko = -4.16 x 1078

m2-ser/kg. The product of the coating thickness (h) and its density (p') is the mass per
unit area on the device surface. Equation 2 predicts that the signal obtained from a
given mass loading (h p' product) will increase with the square of the operating
frequency of the SAW oscillator. Furthermore, operating frequency determines the size
of the device since it imposes size requirements on the interdigital electrodes used to
generate the Rayleigh surface wave. As the operating frequency increases, the device
area (and cost) decreasus. Higher operating frequencies permit thinner coatings to be
employed with a corresponding improvement in response time since vapor diffusion
into the coating will be quicker. Higher operating frequencies also result in greater
baseline noise that hinders detection at the lowest concentrations. All of these
considerations result in a set of scaling laws (detailed in reference 6) that can offer

© guidance in predicting the ultimate performance capabilities of SAW vapor sensor

technology. The key assumption in these predictions is that the sensitivity increases




e -

Wy

with the square of the frequency. Several experimental studies have indicated that this
assumption is valid.

SAW Vapor Sensor System Description

The SAW devices employed in this system have a nominal frequency of 52 MH:. In
fact, the devices are capabie of operating at a number of resonant modes in the
frequency range of 50 to 54 MHz. A dominant resonance ‘s often observed at 52.3
MHz. A dual SAW delay ling oscillator configuration is employed in the system. In this
design, two SAW deiay lines are fabricated on the same substrate. One delay liie is
coated with the chemically selective film and the other is left uncoated. The
frequencies of the two delay line oscillators are mixed to provide a frequency equal to
the difference of the two oscillator frequencies. In principle, frequency drifts caused by
ambient temperature and pressure fluctuations experienced by the SAW device are
compensated by this scheme. (Note: mechanical stresses imposed by thermal
expansion of mounting fixture in this particular system can cause uncompensated drift.)
This approach affords the additional advantage that the difference frequency is much
lower (e.g. a hundred KHz) than the frequency of the oscillators themselves (i.e. 52
MHz). This makes it much wasier to measure the SAW vapor response using
inexpensive, digital counter circuitry. Theoretically, when a clean device is in the
system the two delay lines on that device should resonate at exactly the same
frequency and the difference frequency should be 0 Hz. In practice the two delay iines
are not exactly the same, nor are the matching networks associated with the RF
electronic system. As a result the two, uncoated delay lines typically resonate at
slightly different frequencies thereby providing a non zero difference frequency. In fact,
this nonzero difference frequency is desireable since it keeps the two cscillators from
"locking” on to each other. The appearance of a zero output frequency is usually
indicative ot an oscillator maifunction due to faulty electrical cornections, excessive
mass loading, or shorted device electrodes. The existence of a nonzero output
frequency from the mixer can cause confusion when an inexperienced person is
attempting to coat the device. Coatiiig one side of the device (e.q. delay line #1) will
cause the frequency to increase while coating the opposite side of the device (i.e.
delay line #2) wiil cause the frequency to decrease. It is usually desireable to coat the
side that causes the frequency to increase (i.e. the lower frequency oscillator) since the
system becomes erratic wher the difference frequency approaches within about 10
KHz of zero. Care must be taken to make sure that the uricoated, reference delay line
is indeed clean after the other side has been coated. Contamination present on the
reference device wili prcduce a signal that is subtracted from that produced by the
coated side. Wiping the reference side of the device with a Q-tip soaked in solvent is
sometimes useful {0 guarantee its cleanliness.

The actual design of the 52 MHz dual SAW vapor sensor device is illustrated in figure
1 & 2. The device is available in two configurations. Part number SD-52-A has a
commen ground connection for each of the four SAW interdigital transducers. This
permits easier installation of the device into the holder. Part number SD-,2-B has a




separate ground connection for each transducer and is attractive when simultaneous
mass and conductivity measurements are to be performed. The separate ground
minimizes RF noise pickup by the sensitive electrometer circuitry used to measure
conductivity in very weakly conducting films. The “chips” are fabricated on ST-Quartz
using gold metallization on top of a thin adhesion layer of tungstenftitanium. The
electrode configuration was selected to provide a reasonably high resonant Q and a
substantial-area of bare quarnz available for the coating. The entire surface of each
SAW delay line is uniformly sensitive to materials placed there and application of films
over the metal electrodes is fine unless the film material is conductive. In normal
applications it is desireable to coat 100% of the delay line surface (including the
electrodes) since this resuits in the greatest sensitivity. Coating only 50% of the device
surface will yield a frequency shift that is only half of that predicted by the theoretical
equations. Overall size of the chip is 1.5cm x 2.5 cm.

The mass detection limit of the SAW device depends on the signal to noise ratio
provided by the sensor. The signal produced for a given mass loading is determined
by the operatinc frequency of the device and the percentage of active area used. The
noise is determined by the SAW oscillator stability. A frequency stability of 1 part in
107 measured over a 1 second interval is typically achievable with this system. This
translates into a baseline noise level of less than +/- 5 Hertz RMS for the 52 MHz
oscillator. Significant improvements in the stability of the oscillator may be possible
through redesign of the SAW device and the mounting fixture.

The present system does respond to pressure and temperature and flow rate
fluctuations. These effects are largely due to the inferior SAW mounting fixture
employed in this system and are not intrinsic to the SAW concept. When vapors are to
be exposed to the SAW sensor it is desireable that a flow rate in the range of 10 - 500
cc / min be employed. There is a small effect of flow rate on the difference frequency
obtained from the system.

SAW Coating Procedure

Any number of methods can be used to apply chemically selective coatings to the
surface of the SAW device. These methods include deposition from solutions applied
by microsyringes, Q-tips, and brushes, spin casting, dipping, spraying by air brush,
Langmuir-dlodgett film transfer, plasma deposition, sputtering, evaporation,
sublimation, etc. A convenient technique for research applications is air brushing.

Coating application can be accomplished by spraying through a small mask positioned
over the active area of the delay line to be coated. A dilute soiution of the coating
material dissolved in a volatile solvent works quite well. The spray can then be used to
coat the device while the difference frequency is monitored with an oscilloscope and
frequency counter. Multiple short bursts of the spray onto the device surface result in a
coating that-can produce a total frequency shift of 100 KHz or more. The device should
be allowed to sit in clean, dry air for about 12 hours prigr to testing.
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PROCEDURE
FOR SAW DEVICE PREPARATION AND MOUNTING

L _CLEAN THE DEVICE

a) Rinse SAW device with solvent (e.g. acetone or CHCl.....cleaning the

device in a Soxhlet extractor is suggested if everytrace ofa
previous coating must be removed).

b) Place device in electronic grade isopropanol and clean ultrasonically for 10 min.

c) Dry the device by standing on edge on clean blotter paper. (Handle the device
by the edges only.)

d) For storage, stand the device on its edge in a clean, glass tube with a clean
cover.

n._M R £ T !

(Sometimes the SAW interdigital (IDT) electrodes pick up contaminant
particles that short them out.)

a) Select the highest resistance scale on an Ohmeter.

b) Check each of the 4 IDT electrodes for shorts between the fingers by measuring
the resistance between the fingers. Do this by touching the ohmeter probes 10
the two gold bus bars associated with each IDT.

(NOTE: This procedure requires a steady hand and needle sharp ohmeter

probes. If the probes are inadvertently dragged across the IDT then irreparable
damage can be done to the device.

c) If the resistance between the fingers is measurable (i.e. less than about 1
Megohm) then the cleaning process must be repeated.

(NOTE: Sometimes careful wiping of the IDT with a solvent moistened Q-Tip
can eliminate the difficulty.)

M. CLEAN THE DEVICE HOLDER

a) Blow out the empty holder with clean, filtered air (or "DUST-OFF" fluorocarbon
propellant).

b) Visually inspect the holder for debris.
(Dirt and grit that accumulates in the device holder can provide a sharp point that
cleaves the device when pressure is applied dt{ring the clamping process.)

¥




IV. CLEAN THE ELECTRICAL CONTACT CLIPS (OCCASIONALLY)

a) Remove the clips.
b) Clean them in solvent (e.g. acetone).

¢) Uitrasonically clean in isopropanol bath for 10 minutes.. Air dry.

0 UL LA NER
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(It is a good idea to be seated, relaxed, and undisturbed during this procedure.)

a) Loosen the clamping screws in the device holder and turn the clips to permit the
device to drop freely into the well.

b) Visually inspect the well to make sure that it is free of debris.
c) Place the SAW device in the well and make sure it is flat against the bottom.

d) With tweezers, rotate € ach clip to contact the gold pads for each electrode. (Pay
particular attention to the clips which must provide ground connections to the
four center pads.....These connections can be troublesome.)

e) Tighten the screws using a jeweler's screwdriver. Use care so that it cannot be
dropped onto the device. Itis sometimes helpful to use another screwdriver or
tweezers to hold the clip in position whiie tightening the screws. Tighten only
enough so that the clips do not move freely when nudged with the tweezers.

Vi._ CHECK THE ELECTRICAL CONTINUITY OF EACH CONNECTION

a) Measure the resistance from each gold pad of the SAW device to the iop of the
screw on its contact clip. (Be careful ! Do not allow the probes to slip onto the
electrodes.) A resistance of less than 5 ohms should be measured.

~b) Itgood contact is not observed, then loosen and retighten the screws as
required to obtain less than 5 ohms.

c) Measure the resistance between the grounding screw heads (labeiled "G" on the
pictorial diagram) and ground (e.g. the chassis). Also measure the resistance
between the IDT connector screw heads (labelled "A,B.C, & D" on the pictorial

diagram) and the corresponding point (i.e. "A,B,C &D") on the IDT tuning inductor.
Each connection should show a resistance less than 5 ohms. If they don't, then
the contact between the screw and the metal contact nut on the reverse side of
the circuit board is bad and should be cleaned or otherwise corrected. (Some
graphite placed on the screw threads can help.)




Q

d) Measure the resistance between the IDT connector screw heads (labelled

vii.

"A.B,C, & D" on the pictorial diagram) and ground. The resistance shouid be
greater than 1 Megohm. Ifitis less than 1 Meg then the IDT electrodes are
contaminated and cleaning is necessary.

TUBRN ON THE POWER

b)

Once the SAW device has been instailed into the holder and good electrical
connections have been established, then the system can be powered up.

Turn on power switch.

Observe the system output signa! (i.e. difference frequency) on an oscilloscope.
A stable waveform (about 5 V p-p) in the frequency range of about 10 KHz to
200 KHz should be observed. If the waveform is not stable then the tuning
capacitors (shown in the pictorial diagram) can pe adjusted to improve the
stability.
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MICROSENSOR SYSTEMS, INC.

PART NO. SD-52-A/B
(52 MHz DUAL SAW DELAY LINE)

HANDLING INSTRUCTIONS

The SD-52-A/B SAW dual delay lines are shipped with a photoresist coating to prevent
damage to the gold microelectrodes. Before use, the devices must be gently removed
from the sticky tape that holds them together and then rinsed with a solvent (e.g.
acetone) to remove the photoresist. It is recommended that they be rinsed a second
time with electronic grade isopropanol and allowed to drip dry by supporting the device
on an edge while resting on a piece of absorbent paper. This will prevent any spotting
of the device surface by impurities in the solvent. The devices can also be cleaned in
an ultrasonic cleaner. With care the devices can be coated and cleaned many times
for reuse.

Prior to using any SAW delay line, one should ALWAYS measure the resistance of the
electrodes to make sure that eiectrical shorting has not occured. A conventional
volt-ohmmeter (VOM) connected to an electrode should indicate a resistance greater
than a Megohm. Lower resistances occur when the electrode is contaminated with
ionic impurities, moisture, or cther things that can bridge between the electrode
"fingers”. When low electrode resistances are observed, cleaning is recommended.
Rubbing the electrodes with a solvent wetted Q-tip is acceptable. Persistent shorts can
be “blown out” by connecting the electrode to a 24 Volit power source. This procedure
will cause the shorted "finger” to melt like a fuse. While this may destroy a small part of
the electrode it usually does not result in any noticeable degradation of SAW device
performance.

Breakage is perhaps the most serious problem encountered with large SAW delay

lines. Quartz is very brittle and will break if excessive forces are applied to the device.
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M1ICROGSENSOR SYSTENS, INC.

52 MHz DUAL SAW DELAY LINE

( PART NO. SD- 52 - A)
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IIICROSENSOR SYSTENS, INC.
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MICROSENSOR SYSTEMS, INC.

REM-158 A

158 MHZ
SAW DEVICE RF ELECTRONICS MODULE

OPERATING DESCRIPTION
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GENERAL SAW VAPOR SENSOR CONSIDERATIONS

Theoretical M ] of SAW nsor R n

The signal provided by a SAW dscillator vapo.r sensor can be described by the
following theoretical equation (4):

4 N+ oy

2 . 2 B

Af=(k,"k2)f0 hp - k2f0 h —2- -—th. (1)
V2 p

where Af is the SAW oscillator frequency change produced by the vapor absorbed
into the coating, ky and ko are material constants for the piezoelectric substrate, f, is

the unperturbed resonant frequency of the SAW oscillator, h is the coating thickness, p’
is the coating density, p'is the shear moc slus and X is the Lame" constant of the
coating, and V, is the Rayleigh wave velocity in the piezoelectric substrate. (3159 m/sec

for Y-X Quartz). This reiationship assumes that the SAW device coating is isotropic
and non-piezoelectric and that the coating covers 100% of the deiay line surface.
Furthermore, the relationship is valid only for very thin films (e.g. less than 0.2% of the .
acoustic wavelength thick). For thicker films, equation 1 can only provide estimates of
the signal magnitude. When organic coatings are employed, it is often found that the
second term of equation 1 is negligible because the shear elastic modulus of the
coating ( u' ) is small compared to the square of the Rayleigh wave velocity (V,). -

Under these conditions, equation 1 reduces to:
af=z(ky+ky) 12 hp (2)

For Y-X Quartz SAW devices, ky = -9.33 x 108 m2-sec/kg and ky =-4.16 x 10°8

m2-sec/kg. The product of the coating thickness (h) and its density (p') is the mass per
unit area on the devic> surface. Equation 2 predicts that the signal obtained from a
given mass loading (h p’ product) will increase with the square of the operating
frequency of the SAW oscillator. Furthermore, operating frequency determines the size
of the device since it imposes size requirements on the interdigital electrodes used to
generate the Rayleigh surface wave. As the operating frequency increases, the device
area (and cost) decreases. Higher operating frequencies permit thinner coatings to be
employed with a corresponding improvement in response time since vapor diffusion
into the coating will be quicker. Higher operating frequencies also result in greater
baseline noise that hinders detection at the lowest concentrations. The key
assumption in these predictions. is that the sensitivity increases -with the square of-the
frequency. Several experimental studies have indicated that this assumption is valid.

-
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SAW VAPOR SENSOR SYSTEM DESCRIPTION

The SAW devices employed in this system have a nominal frequency o! 158 MHz. A
dual SAW delay line oscillator configuration is employed in the system. In this design,
two SAW deilay lines are fabricated on the same substrate. One delay line is coated
with the chemically selective film and the other is left uncoated. The frequencies of the
two delay line oscillators are mixed to provide a frequency equal to the difference of
the two oscillator frequencies. In principle, frequency drifts caused by ambient
temperature ana pressure fluctuations experienced by the SAW device are
compensated by this scheme. (Note: unsymmetrical mechanical stresses imposed by
thermal expansion of device package can cause uncompensated drift.) This approach
affords the additional advantage that the difierence frequency is much lower (e.g. a
hundred KHz) than the frequency of the oscillators themselves (i.e. 158 MHz). This
makes it much easier to measure the SAW vapor response using inexpensive, digital
counter circuitry. Theoretically, when a clean device is in the system the two delay
lines on that device should resonate at exactly the same frequency and the difference
frequency should be 0 Hz. In practice the two delay lines are not exactly the same, nor
are the matching networks associated with the RF electronic system. As a result the
two, uncoated delay lines typically resonate at slightly different frequencies thereby
providing a non zero difference frequency. In fact, this nonzero difference frequency is
desireable since it keeps the two oscillators from "locking® on to each other. The
appearance of a zero output frequency is usually indicative of an oscillator malfunction
due to taulty electrical connections or excessive mass loading. The existence of a
nonzero output frequency from the mixer can cause confusion when an inexperienced
person is attempting to coat the device. Coating one side of the device (e.q. delay line
#1) will cause the frequency to increase while coating the opposite side of the device
(i.e. delay line #2) will cause the trequency to decrease. It is usually desireable to coat
the side that causes the frequency to increase (i.e. the lower frequency oscillator) since
the system becomes erratic when the difference frequency approaches within about 10
KHz of zero. Care must be taken to make sure that the uncoated, reference delay line
is indeed clean after the other sice has been coated. Contamination present on the
reference device will prcduce a signal that is subtracted from that produced by the
coated side. Wiping the reference side of the device with a Q-tip soaked in solvent is
sometimes useful to guarantee its cleanliness.

The mass detection limit of the SAW device depends on the signal to noise ratio
provided by the sensor. The signal produced for a given mass loading is determined
by the operating frequency of the device and the percentage of active area used. The
noise is determined by the SAW oscillator stability. A frequency stability of 1 part in

107 measured over a 1 second interval is typically achievable with this system. This

transiates into a baseline noise level of Icss than + 16 Hertz RMS for the 158 MHz
oscillator.

The device intended to be used with the RFM-158A js the Microsensor Systems, Inc.
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158 MHz dual SAW (part no SD-1£8-A). This device is packaged in a gold plated 12
pin 0.600 inch diameter TO-8 puckage. The SAW “chip” contains two individual 158
SAW delay lines. One of the delay lines is used as a reference and is not coated. The
electrical connections to the SAW device are made through 12 pins on the bottom of
the SAW package. Only 8 of these pins are usea and they are attached to the SAW
device by gold wire bonds. A detailed drawing of this device is shown in figure 1. The
SAW device piugs into the RF electronics module for use. It is important to observe the
proper position of the tab on the SAW device when inserting into the RF module. The
tab must face towards the lower right hand corner of the module as shown on figure 1
If the SAW davice is not properly inserted, it will not function correctly. The following
precautions should be observed when plugging a SAW device into the module:

1.  TURN OFF POWER TO THE SAW RF MODULE WHEN
INSERTING THE SAW DEVICE.

2. OBSERYE THE PROPER POSITION OF THE TAB ON THE SAW
DEVICE WHEN INSERTING INTO RF MODULE SOCKET.

Coated SAW devices are sealed and require no special handling precautions. SAW

devices that are not coated require additional care to prevent damage. The devices.

are packaged with a lid designed to fit over the device. These lids are not attached
until after a coating is applied and can fall off if not handled correctly. (Lid sealing is
normally accomplished using epoxy cement after drilling holes in the iid for vapor
circulation.) The fine gold wire electrical connections to the SAW device can be
damaged if care is not taken when the lid is removed.

Care should be used when removing the SAW device from the socket on the RF
electronics module to prevent damage to the connecting pins. It is recommended that
the SAW device be removed by prying the device from underneath using a small
screwdriver, awl, or similar object. The device should be raised by prying first at the
corner beneath the tab on the SAW device and then alternating with the opposite
corner.




SAW COATING APPLICATION

A number of methods can be used to apply chemically selective coatings to the surface
of the SAW device. These methods include deposition from solutions applied by
microsyringes, Q-tips, and brushes, spin casting, dipping, spraying by air brush,
Langmuir-Blodgett film transfer, plasma deposition, sputtering, evaporation,
sublimation, etc. A particularly convenient technique for research applications is air
brushing.

Coating application can be accomplished by spraying through a small mask positioned
over the aciive area of the delay line to be coated. A dilute solution of the coating
material dissolved in a volatile solvent works quite well. The spray can then be used to
coat the device while the ditference frequency is monitored with an oscilloscope and
frequency counter. Multiple short bursts of the spray onto the device surface result in a
coating that can produce a total frequency shift of 100 KHz or more. The device should
be allowed to sit in clean, dry air for about 12 hours prior to testing.

The entire surface of each SAW delay line is uniformly sensitive to materials placed
“there and application of films over the metal electrodes is fine. In normal applications it
is desireable to coat 100% of the delay line surface (including the electrodes) since
this results in the greatest sensitivity. Coating only 50% of the device surface will yield
a frequency shift that is only half of that predicted by the theoretical equations. Overall
size of the chip is 0.5 cm x 0.5 em. The active area of each delay line is approximately
0.2cmx0.4cm.




RF ELECTRONICS MODULE CONNECTIONS

The RF electronics module contains VHF amplifiers that allow the dual SAW device to
function as two independent delay line oscillators. These two oscillators generate
signals that are mixed electronically to provide a signal whose frequency is the
difference between the two oscillator frequencies. This difference frequency is
processed by a comparator circuit to provide a TTL compatible signal. The power input
(+5 Voits) and output (freq. 1, treq. 2, and freq.1 - freq. 2) for this module is provided
through a 6-pin edge connector. The function of each of these pins is as follows:

Pin 1: This pin connects to the ground plane of the SAW module.

Pin 2: The signal from this pin is the frequency difference between the two SAW delay
ines. (5V P-P square wave...drives one LS TTL load).

Pin 3: The RF output from channel 1 (the uncoated side) of the SAW device is
available on this pin. (around 200 mV P-P @ 158 MHz).

Pin 4: The RF output from channel 2 (the coated side) of the SAW device is available
on this pin. (around 200 mV P-P @ 158 MHz).

Pin 5: This pin is used to supply power to the SAW module
(+5 V @50mA DC).

Pin 6: This pin connects to the grou~d piane of the SAW module.

It should be noted that the RF outputs on pins #3 & 4 are not buffered. Connections to
these pins can perturb the oscillator frequencies. For device coating it is very
aesireable to monitor all frequencies as the coating is being applied in order to get an
accurate estimate of coating thickness. An RF buffer amplifier / power supply / coating
fixture that is designed for use with the RFM-158 is available from Microsensor
Systems, Inc. (part no. SPM-158)




IICROSENSOR SYSTENTS, /NC.

158 MHz DUAL SAW DELAY LINE OSCILLATOR
PICTORIAL DIAGRAM

FREQ 1 OUT FREQ 2 OUT
MIXER OUT +5 VOLTS IN

- OBSERVE THE
PROPER

"POSITION OF
TAB ON THE
SAW DEVICE.




ITICROSENSOR SYSTEN!S, INC

158 MHz
DUAL SAW DELAY LINE OSCILLATOR

:
|

'
FREQ. 1 GND SV TTU DIFF. FREQ. FREQ 2




USAF / NRL RESEARCH PROGRAM

A STUDY
OF SURFACE ACOUSTIC WAVE DEVICE
OSCILLATOR PERFORMANCE:

SAW RESONATORS VS SAW DELAY LINES

PROGRESS REPORT

25 SEPTEMBER, 1987

PF. :PARED BY
HANK WOHLTJEN

MICROSENSOR SYSTEMS, INC.
FAIRFAX, VA

5
¥k
o
v
i
S
N
o

Ty oy > " AR v R P




CONTENTS

-l
.

INTRODUCTION .......comeeeerenennenenanssacees :

2. MEASURES OF SAW OSCILLATOR NOISE

SscsssssssnesnssLLse

3. EXPERIMENTAL PROCEDURE.............

4. RESULTS..uuererreericctenenccrnenesccranaenees
5. DISCUSSION ....ccevueremmenremnesecennene
6. APPENDICES .........uaaeueeeerennennnnne

APPENDIX A. (SAW Device Data Sheets)
APPENDIX B. (SAW Vapor Response Data)
APPENDIX C. (Experimental NoiseData)

10

11

ot

LRt




[9H]

1. INTRODUCTION

Surface Acoustic Wave (SAW) devices are being developed as sensors for a variety of
applications. The most common SAW device configuration for sensors is the SAW
oscillator in which the physical or chemical property of interest perturbs the Rayleigh
wave propagation velocity, resulting in a corresponding shift in the resonant frequency
of the SAW controlled oscillater. These devices are especially attractive in chemical
vapor sensing applications because »f their relatively high surface mass sensitivity.
For example, at a Rayleigh wave frequency of 158 MHz on ST-quartz, a SAW oscillator

exhibits a sensitivity of approximately 32 Hz/nanogram/cmz. This magnitude of
sensitivity is predicted theoretically and has been experimentally verified using
Langmuir-Blodgett films of known mass density. The detection limit of the device is
determined by this sensitivity and the characteristic noise level exhibited by the device.
A typical 158 MHz SAW delay line oscillator produces 16 Hz of "noise” which suggests

that 1 nanogram/cm2 would be detected with a signal to noise ratio of 2. Clearly, a
dramatic reduction in the detection limit of SAW vapor sensors can be realized if the
effective frequency noise of the SAW controlled oscillator can be reduced.

SAW occillator noise (i.e. the random fluctuations in the SAW oscillator frequency that
are uncorrellated with the frequency shifts produced by the chemical species being
measured) is related to the resonant "Q" of the SAW device. Devices having higher Q
provide a more stable resonant frequency and hence lower noise. There are two SAW
device configurations that are used in the vast majority of SAW controlled oscillators.
These are the delay line and the resonator (figure 1). Both devices should exhibit the
same mass sensitivity but the resonator is well known for its superior noise
performance. Up to this time the majority of SAW vapor sensor devices have used the
delay line configuration.

The objective of this study was to quantify the noise levels of several SAW delay lines
and resonators (both coated and uncoated) in order to learn if SAW resonators could
afford any significant performance advantage in chemical sensor applications.
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2 MEASURES OF SAW OSCILLATOR NOISE

The measurement of noise in any physical system is usually complicated by the fact
that the noise is not truly random (i.e. "white") but rather has a distinctive spectral
distribution. Furthermore, the experimental measurements are often conducted under
< “Jditions in which all variables (e.g. temperature, atmospheric presssure, etc.) are not
carfactly controlled and result in systematic drift superimposed on the intrinsic noise of
the oscillator. Two methods have been used in this study to characterize the noise
generated by SAW oscillators.

Root Mean re (RMS) of Linear re Fit Residual

This method is somewhat unconventional but provides a measur2 that correllates
closely with the signal processing commonly employed with SAW vapor sensors. In
this metihod, the frequency (or difference frequency) of an unperturbed SAW oscillator
is recorded at regular time intervals over some fixed time period (e.g. 1 minute). A
linear least squares fit is performed on this data set. The least squares fit line is then
assumed to represent the average value of tne signal over the measurement period.
The difference between the actual signal value and the average signal (as determined
by the least squares fit line) is calculated and saved as a set of residual differences.
The standard deviation of these residuals (as calculated using the relationship shown
below) is used to describe the root-mean-square {(RMS) noise level of the SAW sensor.

N 1/
w2 \/?
M = (75 = O )
k=1

where § (N) isthe Standard Deviation
N isthe Number of measurements
y isthe average value of the signal

Y isthevalue ofthe signalattime k

The siope of the linear least squares fit line is indicative of the drift exhibited by the
SAW oscillator. This method is relevant to practical SAW vapor sensors since baseline
drift compensation schemes are commonly employed (e.g. frequent rezercing of the
baseline) and it is only the "high frequency” noise as represented by the residuals that
presents a barrier to signal detection. When the SAW oscillator drift is non-linear with
ime, this method of characterizing oscillator noise can be misleading since it will
overestimate the noise level of the device. Nevertheless, using the root-mean-square
of least square fit residuals as a measure of SAW oscillator performance has proved to
be very convenient and informative particularly because it separates out the noise and
drift components.

.
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Allan Variance

The most commonly employed measure of SAW oscillator performance is Allan

vanance. It is fundamentally superior to methods that measure standard deviation -

because it makes no assumptions about the spectral distribution of the oscillator noise.
Indeed, the ratio cf the standard deviation ‘o the Allan vaniance of the SAW oscillator
frequency can provide a useful diagnostic measure of the type noise exhibited by the
oscillator (e.g. random, flicker, fiicker-walk, etc.). The Allan variance is calculated by
using the following relationship:

1

N'1 /2
2
5y(1;) = (""—"1——’ Z(ykﬂ-yk) )

2(N-1)

where y (T.) isthe Allan Yariance of saraples takenevery T, sec
N is the Number of measurements
Yk+1 isthe normalized value of the signal attime k+1
Y Isthe normalized value of the sigralat time k
The normalized signal values are obtained by subtracting the instantaneous frequency

from some starting reference frequency and dividing the difference by the starting
frequency value.
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3. EXPERIMENTAL PROCEDURE

The accurate comparison of SAW delay line oscillator performance and SAW
resonator oscillater performance is not straightforward. This is due to the fact that there
are many ways to configure the device design and supporting electronics for each type
of Jscillator t¢ optimize one performance characteristic at the expense of others. The
approach taken in this study was to utilize several existing SAW delay line and SAW
resonator designs that are representative of presently available technology. The
devices used in this study were:

1) 158 MHz dual SAW delay line (Microsensor P/N SD-158-A)
2) 229.25 MHz 2-port SAW resonator (SAWTEK P/N 851080)
3) 401 MHz 2-port SAW resonator (SAWTEK P/N 850999)
4) 668 MHz 2-port SAW resonator (SAWTEK P/N 850883)

The following experimental conditions were maintained for all devices studied:

» Devices were fabricated on ST-quartz with aluminum metallization.

» Devices were mounted in commercial packages with epoxy and connected via
gold wire bonds.

+ Oscillators were "burned in" for more than 72 hours prior to testing.

» Oscillators were warmed up for 24 hours prior to making ncise measurements.

+ The same RF amplifier system was used for each oscillator. Only the series tuning
inductors were different from oscillator to oscillator.

» A dual oscillator configuration was used to provide a low frequency difference
signal.

A schematic of the SAW oscillator RF electronics used in this study is shown in figure 2.
Variable inductors were used to provide a series match to the RF amplifiers. The SAW
frequency data was collected using a four channel digital frequency counter interfaced
to a Macintosh data acquisition computer (Microsensor Systems, Inc. Model DAS-158).
SAW oscillator frequencies were measured once every 2 seconds with a precision of
+1 Hertz. An experiment duration of 1 minute was chosen. The Allan variance and the
root-mean-square of least square fit residuals was calculated for each data set. A total
of ten trials were conducted with each sensor to obtain a representative average RMS
noise and Allan variance for each device. All icur SAW oscillators were run
simuitaneously from the same power supply during the course of these measurements.

The 158 MHz dual SAW delay line and the 668 MHz SAW resonator were coated with
fluoropolyol (by air-brushing) to determine the extent to which the coating degrades the
noise performance of the SAW oscillators. Noise trials were conducted as before
except that the devices were gurged with clean, dry air while being measured. These
devices were then exposed to DMMP (using a Microsensor Systems, Inc. Model
VG-7000 vapor generation system) to determine the magnitude of vapor response.
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4. RESULTS
Noise Measurements

The results of these SAW os.illator noise measurements are presented in Table 1.
The raw experimental data used to prepare Table 1 is available in Appendix B.

Table 1.

MEASURED NOISE PERFORMANCE OF SAW OSCILLATORS

Average Results of 10 Measurements Trials
(1 measurement every 2 seconds for 60 seconds)

Uncoated Devices in Sealed Package

DEVICE RMS NOISE (Hz) DRIFT (Hz/min) ALLAN_VARIANCE

158 MHz Delay Line 2.8 0.4 1.5E-08
229 MHz Resonator 4.3 -8.8 1.6 E-08
401 MHz Resonator 3.3 -9.9 4.8 E -09
668 MHz Resonator 1.0 -0.1 1.1 E-09

Coated Devices with Air Purge

DEVICE  RMS NOISE (Hz) DRIFT_(Hz/min) ALLAN VARIANCE
158 MHz Delay Line  10.1 5.1 4.4 E -08

316 MHz Delay Line 20+ (typical) - —_

668 MHz Resonator 14.7 6.5 7.8 E -09




AW Device Agein

It is well known that SAW vapor sensors work best whan they are allowed to "age” at
least ovemnight after being coated with a vapor sensitive polymer film. The "ageing” of
a 668 MHz coated SAW resonator was observed experimentally by making periodic
ncise measurements on the device immediately after coating application. The results
(illustrated in figure 3) show a dramatic increase in the noise level following the coating
application. The uncoated device exhibited an Allan variance of 1.1 E -09 prior to
coating. Thirty minutes after coating the same device produced an Allan variance of
2.7 E -07, more than 100 times more noisy. As shown in figure 3, the device eventually
aged so that after 70 hours, an Allan variance of 7.8 E -09 was measured.

5§68 MHz COATED SAW RESONATOR NOISE vs TIME
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Vapor Exposur

As a final investigation, the coated 158 MHz dual SAW device and the 668 MHz SAW
resonator were exposed to low concentrations of dimethylmethylphosphonate (DMMP)
vapor to verify that the coatings responded as expected. For unknown reasons, the
668 MHz device did not respond to DMMP (i.e. no measurable response was

observed at a DMMP concentration of 2.8 mg/m3). A second 668 MHz_ resonator was
then coated carefully with fluoropolyol and exposed again to DMMP. This device
performed as expected. The magnitudes of sensor response are tabulated below.

Table 2.

MEASURED SAW OSCILLATOR VAPOR RESPONSE

Fluoropolyol coating exposed to DMMP Vapor @ 25 °C

DEVICE COATING VAPOR
THICKNESS (KHz)  RESPONSE (Hz/ma/m3)

158 MHz Delay Line 252 564

668 MHz Resonator 451 1085
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5. DISCUSSION

One surprising trend is evident in the data presented in Table 1. As the SAW resonator
frequencies increase from 229 to 401 to 668 MHz, the RMS oscillator noise (and Allan
variance) decreases. This is certainly not the commonly observed behavior in which
noitse increases roughly linearly with frequency. The reasons for this contrary
behavior are not known but it is likely that the 229 and 401 MHz resonators are not
performing well with the particular RF amplifier circuitry used in this study. The
performance exhibited by the 668 MHz resonator was very good and is certainly more
consistent with published reports of SAW resonator stability. The 158 MHz dual SAW
deiay line is optimized with the RF amplifier circuitry and exhibited noise levels that
were typical of good SAW delay line oscillators. Indeed, the 158 MHz device
investigated in this study was quiter than many that we have used in recent years.
Since it is apparent that, of the resonators, the 668 MH2 device was performing the
best, comparisons between it and the 158 MHz dual delay line were further examined
by coating and vapor exposure.

The noise levels demonstrated by the uncoated 158 MHz delay line and 668 MHz
resonator show that the resonator is clearly superior. The resonator ofered RMS noise
levels of 1 Hz and an Allan variance of 1.1 E -09 in contrast to 2.8 Hz and 1.5 E -08 for
the 158 MHz device. A 668 MHz SAW delay line would be expected to exhibit a n
RMS noise level of about 11 Hz, more than 10 times greater than the resonator.

Coating of tha SAW devices results in a marked increase in oscillator noise. The RMS
noise is increased by 4 fold on the 158 MHz delay line and by 14 fold on the 668 MHz
resonator. The Allan variance of the delay line increased by 3 fold while that of the
resonator increased by 7 fold. It is likely that the resonator electronic circuitry could be
optimized to make the noise increase correspond more closely to that exhibited by the
delay line. In spite of the un-optimized electronics, the coated 668 MHz resonator still

ofters a smaller ncise level ard higher vapor sensitivity than the 158 MHz delay line.

it appears that SAW resonators do offer attractive advantages for vapor sensing
applications. Further work to develop a SAW rasonator electronics system that is
optimized for coated performance may yield a sensor capable of vapor detection limits
several times lower than those achiaved by delay line devices.
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APPENDIX A.

SAW RESONATOR DEV!CE
DATA SHEETS
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POL (ETHYLENE MALEATE) VARIANTS FOR 5AW
MICROSENSOR COATING STUDY

A.W. Snowl, D.S. Ballantine, T. Whitney, W.R. Barger
M. Klusty, H. Wohltjen, J. Grate, D. Chaput

ABSTRACT

A serles of 11 polyester coatings, stiructurally related to
poly(ethylene maleate), PEM, were synthesized, characterized and
evaluated for relative sensitivity to dimethyl methylphos-
phonate, DMMP, vapor. Characterization inclrded IR and NMR
spectroscopies, DSC, MW measurements and sclubility parameters.
Surface acoustic wave, SAW, vapor response measurements with 112
and 52 MHz devices indicated all of the polyester coatings have
ppm level DMMP vapor sensitivity and the sensitivity variation
between coatings was within one order of magnitude. PEM and PPM

-+ Wwere the most sensitive coatings. Crystalline polymers had
<1 lower sensitivity than amorphous polymers. .Relative sensitivity
- did not correlate with DMMP-coating solubility parameter match.

20 INTRODUCTION

-
o

<y Microsensor coatings with highly sensitive, reversible and

2U gelective absorptions for particular vapors are critical to the
© successful development of electronic chemical microsensors. 1In
- this work, coatings which have a specific interaction with nerve
agent simulants are being investigated using a surface acoustic
wave (SAW) device. The SAW device J-tects extremely small
gravimetric changes in a coating (i.e., vapor absorption and
desorption) by registering a frequency shift in the resonance of
the piezoelectric substrate. Approaches to the design of
~ coating chemical structure involve selection and incorporation
7..of an appropriate functional group to serve as a vapor receptor
“'site and the thermodynamic considerations of solubility inter-
actions. Previous work from this laboratory has emgloyed a
" model reactive polymer-vapor system based on the Diels-Alder
" ‘reaction between poly(ethylene maleate) and cyclopentadiene?, a
;;series of amidoxime functionalized poly(butadiene-co-acrylo-
;gpitrile) coatings3 and a comparative study of homopolymer
mecoatings from N-vinylimidazole and 4(5)-vinylimidazolet. Prom
"' this work, useful information has evolved regarding effect of
intrinsic simulant vapor pressure, discrimination of chemi-
sorption from physisorption, effect of coating glass traniition
temperature and match between polymer coating and vapor solu-
bility parameters. Wwhen uyensitivity to the simulant DMMP {s

’
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considered, PEM has been one of the most sensitive coatings
tested. This sensitivity is not currently understood. The
-approcach of the present work is synthesize and characterize a
“structurally systematic series of maleic anhydride related
“"polyesters with the objective of improving on PEM-phosphonate
hester simulant sensitivity and of obtaining additional insight
“to the coating-vapor interaction. This includes twelve
-different polyesters, chemical characterization (structure,
molecular weight, Tq, Ty, and solubility parameter) and two
"types of SAW testing against DMMP. The structures of the
polyesters and their characterization data are presented in
Table 1.

EXPERIMENTAL

All reagents and solvents were of reagent grade quality,
purchased commercially and used without further purification
unless otherwise noted. Infrared and 'H NMR spectroscopic data
were obtained respectively with Perkin-Elmer 1430 and Varian

-EM390 spectrometers. Glass transition temperatures and melting
-'points were determined by differential scanning calorimetry with
"a Dupont 1090 Thermal Analyzer and a 910 Differential Scanning
“Calorimeter (heating rate 10°C/min, nitrogen atmosphere).
‘Molecular weight measurements were made by vapor pressure
~Josometry using a Wescan Molecular Weight Apparatus Model 232A
<v{{chloroform solutions, 30°C, benzil calibration). Polymer
“Zdensity measurements were made by density matching with heptane-
28carbon tetrachloride mixtures. Solubility parameters were
~9determ1ned from group molar attraction constants (COO ester,. 302
l)(cal cm3 )° mole~ 1 ~-CHo-, 124; -CHj3, 209; =CH-, 103; =C-,
©=-90; -Cl, 265; o-phenylene, 610). Inert atmosphere dilution of
* DMMP vapor and SAW frequency response measuremants were made as
‘described in companion papers for 112 MHz? and 52 MHzS.

Polymerization apparatus consisted of a 25 ml pear-shaped,
"two-neck flask fitted with a minlature Dean-Stark trap, con-
denser, nitrogen inlet and 3/8 x 1/4 in. magnetic atirring bar.
The condensed byproduct {(water, methanol or ethylene giycol) was
‘distilled into the trap at atmospheric pressure under nitrogen
or at reduced pressure as the temperature was increased to 170“C
'followed by application of vacuum with further heating. For
“each polymerization ethylene glycol was purified by distillation
with toluene azeotrope.
!
S Poly(ethylene oxalate), PEOX, was prepared by reacting 5.900
g dimethyloxalate (recrystallized) with 2.89 g ethylene glycol
' catalyzed by 0.04 g p-toluene sulfonic acid, PTSA, at 140 to o
150*C for 2.5 hr. followed by heating to 170-180“C under vacuum R
for 3 hrs. Attempted dissolution of the product in CHCl;, o
resulted in dispersed of ‘an opaque white solid. This product R ..
was filtered and purified by 7 acetonitrile extractions’. Yield FEN

I3
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0.55 g MP 149-153°C (11t 157-159°C?). IR (neat) 2997, 2968,
2897, 1778, 1748, 1469, 1260, 1044, 889, 778 cm~l. NMR (DMSO-dg)
6 4.52 (S, CHy). Density 1.555. MW 2000.

Poly(ethylene malonate), PEMo, was prepared by reacting

5,00 g dimethymalonate with 4.71 g ethylene glycol catalyzed by
0.04 g PTSA at 170°C for 1.25 hr. followed by heating at 170°C
under vacuum for 1 hr. The temperature was advanced to 200°C
and additional ethylene glycol removed over the second hour. The
temperature was then increased to 210-220%C for a 3.5 hr.
period. The product was purified by dissolution in 4 ml CHClj
and precipitation into 350 ml CH3O0H. Yield 3.62 g.IR (neat)
2970, 1755, 1740, 1450, 1415, 1380, 1335, 1280, 1150, 1045, 985,
870 cm~l., NMR (CDCl3) 6 3.41 (S, lH), 4.36 (S, 2H). Density
1.446. MW 497.

Poly(ethylene succinate), PES, was prepared by reacting

3.14 g succinic anhydride (recrystallized) with 1.95 g ethylene

glycol catalyzed by 0.05 g PTSA in 2 ml CgHg Cl (distilled) with
2 ml toluene (for azeontroping water byproduct) at 125 to 130*C
- for 5 hr. The temperature was then raised to 170*C for 8 hr.
<with 3 displacements of 2 ml CgHsCl. The vacuum was then
‘>applied for 3 hr. The product was purified by dissolution in 30 -
f'ml CHCl3, filtered and precipitated into 200 ml ether. Yield
~2.96 g. MP 95-97“C. IR (KBr) 2970, 2940, 1737, 1390, 1220,
1168 cm~l. NMR (CDCl3) & 2.65 (s 1H) 4.31 (S, lH). Density
1.357. nw 2180,

W A N B A AN ] P I
(Q '_xy ~i C!

Poly(ethylene maleate), PEM, was prepared as previously
‘)descrlbedz Density 1.353. MW 2470.

Dimethylacetylene dicarboxylate, DMADC, was prepared by
reacting 24.5 g acetylene dicarboxylic acid, 100 ml methanol and
50 ml sulfuric acid at 20°C8. The reaction was worked up by
"adding the mixture to a saturated NaCl solution at 0°C followed
" by separation of the oil and ether extracticn. The combined oil
"and ether extracts were extracted with 5% NaHCO3, dried and

vacuum distilled (80-83“C/8 torr). VYield 20.5 g. IR (neat)
/72961, 2829, 1731, 1440, 1270, 1047, 898, 750. 650 em~1l, NMR
(CDCl3) 6 3.86 (S, CH3).

‘ Dimethylmethoxyfumerate, UMMF, and dimethyl-a,a-dimeth-
", oxysuccinate, DMDMS, were prepared by an identical procedure to
T DMADC except the temperature was increased to 60°C. After
"“distillation ot the DMADC, the DMMP solidified in the condenser
"'(90-95°C/9 torr). After collection of the DMFF, the DMDMS was
distilled and collected as a liquid (100-110°C/) torr). For
DMMP: MP = 97“C. IR (KBr) 3100, 3002, 2948, 2857, 1733, 1670,
1645, 1445, 1345, 1260, 1220, 1105, 1030, 780. NMR (CDClj) ¢
3.77 (s, 3H), 3.84 (s, 3H), 3.90 (S, 3H), 6.02 (S, 1H). MW 185
(calc 174). For DMDMS: IR (neat) 3000, 2950, 2840, 1745, 1630,
1440, 1205. NMR (CDCl3) 6 3.00 (S, 2H), 3.30 (S, 3H), 3.b9 (S.
JH), 3.873 (S, 3H). MW 207 (calc 206)"
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Polymers from dimethylacetylene dicarboxylate and ethylene
.gLycol, PEADC 131 and 2:1, were prepared by reacting 5.00 g
: DMADC with 1.75 g ethylene glycol {(for PEADC 1:1) and with 3.50
.g ethylene glycol (fcr PEADC 2:1) catalyzed by 0.03 g PTSA at
-.140-150"C for 2 hr. followed heating to 170-180“C under vacuum
- for 2 hr. The products were purified by dissolution in 4 ml
CHCl3 and precipitated into ether at -20°C. For PEADC l:l:
Yield 2.50 g. IR (neat) 3550, 2965, 2900, 1740, 1630, 1445,
1260, 1045, 760. NMR (CDCl3) & 3.1l1 (s), 3.8 (m-broad),
4.15(3), 4.4 (m-broad). Density 1.406, MW 1510. For PEADC 1:2:
Yield 3.00 g. IR (neat) 3550, 2965, 2900, 1740, 1450, 1260,
1045, 760. NMR (CDCl3) & 3.05(S), 3.7 (m-broad), 4.10 (s), 4.3
(m-broad). Density 1.365. MW 1370.

Poly(ethylene phthalate), PEPh, was prepared by reacting
3.00 g phthalic anhydride (recrystallized) with 1.26 g ethylene
glycol catalyzed by 0.04g PTSA ix 6 ml diglyme (distilled) with
-2 ml toluene (for azeotroping water byproduct) at 160-170“C for
5.5 hr. The temperature was then raised to 190-200C, solvents
. +distilled and vacuum applied for 3 hr. The product was purified
/by dissolution in 4 ml CHCl3 and precipitation into 100 ml
~iether. Ylield 1.79 g. IR (neat) 3080, 2965, 2890, 1733, 1280,
i1130 1070, 745. NMR (CDClj) & 4.50 (s-broad, 4H), 7.58 (m,
~2H), 7.70 (m, 2H). Density 1.325. MW 1540.

47 Poly{ethylene methylmaleate, PEMM, was prepared by reacting

2@2 00 g methylmaleic anhydride (distilled) with 1.1l g ethylene

“i'glycol catalyzed by .025 ml titanium tetra-n-propoxide (dis-

Ttilled) in 6 ml diglyme (distilled) with 2 ml benzene (for
azeotroping water byproduct) at 140-150°C for 22 hr. followed by
2 hr. at 160-170“C. The product was purified by dissolution in
10 ml CHCl3 and precipitation into 300 ml ether. Yield 1.50 g.
IR {(neat) 2975, 1740, 1655, 1450, 1385, 1270, 1180, 1060, 970,

' 385, 775. NMR (CDCl3) & 2.08 (s, 3H), 4.4 (m-broad, 4H), 5.9
and 6.3 (S, vinyl H, 1H). Density 1.297. MW 1770.

- Poiy(ethylene dimethylmaleate), PEDMM, was prepared by
'reacting 2.00 g dimethylmaleic anhydride (recrystallized) with
1,00 g ethylene glycol catalyzed'by 0.02 g PTSA at 130-140°C for
+2 hr. One ml toluene was added to wash by reflux some of the
““dimethyimaleic anhydride, which had sublimed into the flask
'neck, back into the reaction mixture. The temperature was
j'increased to 140-150“C for 24 hr. Vacuum was then applied for 3
“"hr. Approximately 1.5 g dimethylmaleic arhydride sublimed into
"the trap. The residue product was dissolved in 2 ml CHCl3 and

' precipitated into 100 ml ether. Yield 0.30 g. IR 2960, 2880,
1725, 1650, 1270, 1100, 765, NMR (CDCl3) 8 1.95 (S, 3H), 3.6 (M,

2H), 4.2 (m, 2H). Density 1.264., MW 1100,

Poly(ethylene dichloromaleate}, PEDCM, was prepared by
reacting 4.89 g dichloromaleic anhydride (recrystallized) with
1.82 g ethylene glycol catalyzed by 0.04¢ g PTSA in 4 ml chloro-
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benzene (distilled) with 1 ml toluene (for azeotroping water
byproduct) at 150-155°C for 2 days. The product was purified by
dissolution in S ml CHClj and precipitation into 250 ml ether.
-Second and third reprecipitations into CH3;O0H and ether was
necessary to remove residual dichloromaleic anhydride. Yield
2.60 g. IR (neat) 2970, 1751, 1600, 1250, 1040, 765, 680. NMR
(CDCl3) 8 4.50 (S). Density 1.568. MW 8090.

Poly(ethylene adiplated), PEA, was obtained from Aldrich
Chemical Company. Density 1.183. MW 1890.

Poly(propylene maleate), PPM, was prepared by reacting
3.079 g maleic anhydride (recrystallized) with 2.412 g 1,3~
propanediol catalyzed by .045 ml titanium tetra-n-propoxide
(distilled) in 6 ml diglyme (distilled) with 2 ml xylene (for
azeotroping water byproduct) at 145°C for 13 hr. The tempera-
ture was then raised to 160°C for 2 hr. at which time formation
of a gel was observed. (Previous attempts at higher reaction
temperature resulted in extensive gel formation.) The reaction
mixture was cooled, dAisbursed in 20 ml CHClj3, filtered through
silk screen to remove gel, and purified by dropwise precipi-
tation into 300 ml of ether at ~-20*C. Yield 2.1 g. IR (neat)
3070, 2980, 2920, 1747, 1650, 1415, 1220, 1180, 1050, 825. NMR
(CDCl3) & 2.05 (quintet, 1lH), 4.3 (t, 2H), 6.3 (S, 2H). Density
1.225. Mw 2050,

- RESULTS AND.DISCUSSION

20

v The issue of interest in this study is the peculiar
“‘features of the PEM structure that imparts a high absorption
sensitivity for DMMP. The structure of PEM may be viewed as a

NNAON \V/A\ /u\_dj) /“\/}) —
NN NERE

grouping of polymer-chain-connected maleate groups (which are
highly polarized dieneophiles) or as subgroupings of ester

..groups and olefin linkages. Systematic variations on this PEM

" atructure involve: 1) substitutions on the olefin linkage
{PEADC, PEPh, PEMM, PEDMM, PEDCM), 2) saturation of the olefin

., linkage (PES) with a progressive shortening (PEMo, PEOX) and

. lengthening (PEA) of the spacing:between ester carbonyl units

~.and, 3) increasing the spacing between maleate groups (PPM). It
must be realized that these changes in composition and structure
have effects on the morphology (crystallinity) and thermal
properties (Tq and Ty) which in turn affect the vapor absorption
sensitivity. "Differential scanning calorimetry and solubility
interaction data are jointly considered when interpreting the
DMMP-SAW response data.
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The polyesters of Table 1 were synthesized by the acid
catalyzed esterification of the cyclic anhydride monomer with
ethylene glycol or the transisterification of the methyl esters
of oxalic, malonic and acetylenedicarboxylic acids with ethylene

-glycol. The details are described in the experimental section.

* Three general observations are noteworchy. As the maleic

- anhvdride monomer becomes more substituted (methyl, dimethyl,

- dichloro), the esterification reactivity drops. This {is
reflected by more severe reaction conditions and lower ylelds.
In the case of PEOX, the synthesis is complicated by a cyclic
dimer-linear polymer equilibrium?. The equilibrium

o._0 L )OL..JO
(L, =

is much more rapidly approached from the cyclic dimer, which

undegoes a 25*C solid-state polymerization to its equilibrium

point in two weeks while the polymer has indefinite stability at
. room temperature’. This polymer purification involves a tedious
- gseries of acetonitrile extractions. The transesterification of
=-dimethylacetylene dicarboxylate 1s complicated by a competing
-t-reaction involving addition of the hydroxyl group across the

~+triple bond. As a model compound reaction, we observed methanol
<v:to add across the triple bond of; dimethylacetylene dicarboxy-
L’late and isolated the 1l:1 and 2 l adducts. cyj)

r_\ocuz, S‘XC(OCHS i

iCHZ0 '\Eﬁ\ocns — cH0” ) \—/‘\05"3 — CHy ocH
H o, OCHs

We presume that similar chemistry occurs for ethylene glycol in
the polymerization system and that a polymer structure with
varying degrees of the two reactions can represent the coatinc.
Physically, this coating 1s a chloroform-soluble hard gqum which
is very desirable for the S29W coating application. Considering
it structurally related to a substituted PEM with pendant
hydroxyl groups, two coatings with diol:dimethyl ester stoichio-
‘metry ratios of 1:1 and 2:1 were prepared and included in the
study.

Morphology information was obtained from DSC measurements.

Four of the polymers had sufficient crystallinity for Ty

" measurement although the endotherm for PEDCM was very weak

"‘indicating a low level of crystallinity. PEM partially iso-
merizes to the fumarate ester structure during polymerization .
(2), which, by extrapolation, would contribute to the amorphous -
character of the maleic anhydride derived polymers. The T S
values are all below room temperature, and generally follow the
dependence on intermolecular forces and chain flexibility.

UNCLASSIFIED




UNCLASSIFIED

A3 a measure for solubility interaction, the Hildebrand
solubility parameter i1s a simple and useful index although
limited to the regular solution model. Values for the polymers

~of this study are presented in Table l. They are measures of

golvent-solvent interactions and follow the polarity of the

@ 3tructures. - An attempt was made to measure the hydrogen bond

. basicity of these coatings by 19F NMR1O, However, the polymers
are not soluble in carbon tetrachloride, and use of chloroform
with a correction factor was not workable since the shift caused
"by chloroform masked any effect caused by the polymer.

-

SAW vagor sensitivity measurements for DMMP were made with
1125 and 52°% MHz devices. The 112 MHz measurement included 3
points in a concentration range of 6 to 32 ppm, and the sensi-
tivity is reported as the slope of the frequency change vs.
vapor concentration plot normalized to the mass of the coating.
The 52 MHz measurement involved a single measurement with DMMP
vapor generated from a 0°C bubbler (470 ppm), and this measure-
ment i3 reported as the mass of absorbed vapor normalized to the
mass of the coating. For the purpgose of comparison, these
measurements are presented relative to the vaiue for the PEM
coating in Table 1.

The agreement in relative rs=sponses in some cases is good
(PEMM, PEDCM) while in other cases is poor (PPM, PEDCA 1l:1).
““While it 1is possible some crossover in relative DMMP sensitivity
¢: may occur between the two concentration ranges, this has not yet
<" been experimentally studied. it'is possible to extract some
correlations and trends frour the:data. PEM and P?PM are the most
““gensicive coatings zlthough all of the coatings are within one
‘'order of magnitude in sensitivity. The coatings in Table 1 are
listed in order of decreasing solubility parameter witn the
exceptions of PPM, which 1s not derived from ethylene glycol,
and PEDCA's, which do not have well-defined structures. A
solubility parameter match Detween DMMP (6 = 10.6 (cal/cm3)-3
mole~l) and the polymer coatings does not appear to correlate
with sensitivity. PEDMM, which has the largest solubility
parameter difference, is significantly more sensitive than PEMo,
‘'which has the closest solubility parameter match. With respect

““to morphclogy, those polymers which are crystalline (PEOX, PES,

"' PEA and PSDCM) have lower sensitivity as might be expected since

"-crystalline regions should be less vapor penetrable, 1In

" 'general, it appears that polyesters have a high sensitivity

" toward DMMP but that more accuracy in the SAW measurement or

"~ perhaps detesrmination of the total adsorption isotherm is

“'necessary to discriminate the effects of small structural

"’ changes within this class of polymers. It 1s noteworthy that
all are soluble in chloroform except PEOX.

[N

‘

-
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TABLE 1
Polyester Characterizaticn and DMMP Vapor Response Data

Polymer Structure Xn Tg Tm ] SAW Measurement ,
- 112 MHz 52 MHz

o
. o LA : f
PEOX VA 17 68 150 11.4 .03 .54
R 8 7 10.8 23 |
PEMo /,o\/\o/\/\ -2 a. . .32
[o} (o]
PES AN 300 190 97 1004 s .28
IO o
PEM /K/\/&__)\ 32 -lo 10.1  1.00 1.00
[o] 0
PEPL AN SN 16 3 10.1 .35 .75
\ 4
o] [o]
~. PEA AN 22 Ss00 a7 93 Lse .13
o [
PEMM /°\/\o)\__\/\ 23 =30 8.9 .83 .99
[} [«
. o
PEDCM AN N 77 12 60 8.9 .58 .68
o
o o]
PEDMM AANAAN 13 -39 8.1 .56 .93
VARRN
D} 0, o ==
DPit J \ N\ lq' 26 -16 9.3 2.00 .81
o o
PEDCA 1:1 wo\°" AN 25 7 .28 .93
1 1
o o
PEDCA 2:1 wo ™"+ A&/ 20 g .49 1,07
2 1
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CONCLUSION

Eleven polyesters, which are structurally related to PEM,
were synthesized, characterized, and evaluated for relative
sensitivity to DMMP vapor. Characterization included IR and NMR
spectroscopies, differential scanning calorimetry, molecular
weight measurement and solubility parameter. SAW vapor responce
measurementd were conducted at low concentration (6-30 ppm) with
112 MHz devices and at high concentration (470 ppm) with 52 MHz
devices. All coatings displayed sensitivity at the low DMMP
concentration, and the response variation between coatings was
within one order of magnitude. PEM and PPM were the most
sensitive coatings. Crystalline polymers had lower sensitivity
than amorphous polymers. A correlation of solubility parameter
match between DMMP and the coating for ranking of sensitivity
was not effective,
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. P. PERFORMANCE LI.\H:TS OF CHEMICAL MICROSENSOR TECHNOLOGY
James Murday®, Steve Caras®* and Hank Wohitjen*® 2
3
ABSTRACT
3 .‘ Four chemical microsensor technologies are reviewed with special ittention to their
- physical performance limits for CBWD detection. The sensors include Surface Acoustic
. Wave (SAW) devices, Chemiresistors, CHEMFETs, and Optical Waveguides.
- ' N
| INTRODUCTION -~

A number of microfabricated, solid state devices are being investigated for their
potential as chemical sensing devices.l"* Several of these devices are particularly
attractive for the difficult problem of detecting/monitoring chemical warfare  agents,
Over the last five years, we have investigated a variety of sensors for their potential in
this application. These sensors include Surface Acoustic Wave (SAW) devices,
‘ Chemiresistors, Optical Waveguides, and CHEMFETs. Work on device design has been
important to improvements in sensitivity and selectivity; however the major controlling
feature lies in the coatings which are used to transduce the presence of a chemical
! moiety into a property detected by the device. The operative principle behind the four
sensor concepts are summarized in Table 1. The enormous variety of coating materials ;
and operating configurations that are possible with these devices makes it very difficult  EeE
to predict their ultimate capabilities. Nevertheless, a more detailed knowledge of the
1 physical principles by which these coated devices function is emerging. By carefully
anralyzing the coated device physics it is possible to predict some of the major R
advantages and disadvantages of the various approaches to chemical microsensor ’

j technology.' a2
TABLE 1| .
: : CHEMICAL MICROSENSOR CONCEPT . f *
Probe Sensitive Property Selective Property e
} e e e e - o - - 0 = " = - o - - - - A A o " O o - - - > - -
Surface Acoustic Wave  Mass, Modulu, Solubility 258
Optical Waveguide Refractive Index Solubility + n® ()\)
Microelectrode Array Electrical Conductivity Solubility + Oxid/Rad
CHEMI_’E'_I’ Interfacial Potential Solubility + Dielectric

- - S b = - " D - - - - Y . e A W e = . - . " - = D B = A S .-

The availability of microsensors jrouped in arrays will help solve the probiems of
obtaining adequate chemical selectivity in a complex environment.’-* An individual o
sensor will not be uniquely selected to an individual agent but the array response pattern

J ® Naval Research Laboratory, Code 6170, Washington, DC  20375-5000
** Microsensor Systems, Inc., P.O. Box 90, Fairfax, VA 22030
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will be characteristic of the vapor or combination of vapors to which the array is
exposed. Performing quantitative analysis of mixtures is not possible unless the number
of components in the mixture is knov'n and the array contains more sensors than
unknown vapors. This situation rarely exists in practice. However, for detection and
alarm applications, quantitative analysis is not necessary. Rather the sensor instrument
pattern recognition software can be trained to respond to patterns that correspond to
hazardous conditions. A very significant advantage of an array sensor is that it can
easily identify a number of hazardous vapor conditions that is far in excess of the
number of sensors in the array. In addition, as new hazards aopear, it becomes feasible
to make the detector responsive to the hazard by changing the pattern recognition
software rather than changing the sensors themselves.

SURFACE ACOUSIC WAVE (SAW) DEVICES

Acoustic wave devices are mechanically resonant piezoelectric structures whose
resonance frequency is perturbed by the mass or viscoelastic properties of a thin layer
deposited onto the device surface.® The most common configuration for a Surface
Acoustic Wave (Rayleigh wave) vapor sensor is that of a delay line osciliator in which
the device resonates at a frequency determined by the wave velocity and the spacing of
electrodes used to excite and detect the wave. If the mass of a chemically selective
coating on top of the device is altered, then changes occur in the wave velocity that can
be measured as a shift in the oscillator frequency. ' '

The SAW vapor sensor is quite similar to the bulk wave piezoelectric quartz crystal
sensor.}9-12  However, SAW devices possess several distinct advantages including
substantially higher sensitivity (owing to the much greater device operating frequencies
that are possible with SAW), smaller size, greater ease of coating, uniform surface mass
sensitivity, and improved ruggedness. Demonstrated SAW vapor sensors currently have
active surface areas of a few square millimeters and resonance frequencies in the range
of 300 MHz. Modern microlithographic techniques permit the fabrication of SAW devices
having a total surface area significantly less than a square millimeter and resonant
frequencies in the Gigahertz range. A 300 MHz SAW device having an active area of 8
mm?2 is able to provide resonant frequency shi{t of about 1500 Hz when perturbed by a
surface mass change of 1 nanogram. This level of sensitivity is predicted theoretically,
and has been confirmed experimentally by using Langmuir-Blodgett films as calibrated -
mass loadings on the device.!® The same device exhibits a typical "noise™ of less than
30 Hz RMS over a 1 second measurement interval (i.e. 1 part in 107). Thus, the 1
nanogram mass change will provide a signal to noise ratio of almost 50 to 1.

The development of coatings to selectively adsorb chemical agents is proceeding
steadily.14-17  Solubility has been found to be a very effective guiding principle in the
design of sensitive and selective coatings.’®!? In this approach, the coating on the
SAW device is used as a "solvent® for the vapor to be detected. SAW selectivities in
excess of 10000:1 for CW agent/simulants; interferents have been demonstrated by using
vapor/-oating "solutions*.2® These same devices have also exhibited sensitivites adequate
to detect organophosphorus compounds at concentrations below 0.1 mg/m3. The
selectivity of the device is discussed in another paper by Rose et al. in this proceedings.

.

Based on our present understanding of SAW device operating mechanisms and the .
rate of progress being made in the development of selective coatings based on solution )
concepts, it is possible to broadly define the performance available from existing SAW
vapor sensors and to make some very conservative predictions about where the state-of - (
the-art might lic in the year 2000. These condlusions are summarized in Table 2. There
are many new applications of acoustic microsensors that are emerging. Recent
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developments by Bastiaans, et. al.2} and Thompson er al.?® have extended the use of
micro-acoustic wave technology !0 monitoring immunological reactions in solution with
very high sensitivity.?! This approach is being actively investigated for its potential in
detecting toxins and other biological agents. ’

CHEMIRESISTORS

As the mame suggests, chemiresistors are chemically sensitive devices whose
resistance changes when exposed to a chemical species of interest. They are
distinguished from other classical electrochemical devices by virtue of the fact that
change in electrical conductivity arises from change in the number of electron rather
than ion charge carriers. Recent chemiresistor devices utilize a microfabricated
interdigitated electrode array coated with a thin layer of organic semiconductor film23:24
which is chosen to facilitate diffusion of species into the film (compared with denser
inorganic semiconductors such as Si, Ge, GaAs). The noise is determined by the
background currents in the system. These currents arise from the intrinsic electronic
conductivity of the semiconductor coating; parasitic conduction paths in the “insuiating”
substrate upon which the eiectrode is fabricated; and leakage currents (i.e. input bias
current) of the supporting amplifier electronics. )

Various ohthalocyanine coated devices have been demonstrated that can detect a
number of electron donor and electron acceptor gases at concentrations below 1
ppm®%2%  With a specially prepared Pt phthalocyanine derivative film, the Naval
Research Laboratory kas demonstrated the selective detection of DMMP at concentrations
below 5 mg/m® with respense times of about 20 seconds. This same coating showed
selectivity between DMMP and water vapor of 1000 to 1. Film deposition waus
acromplished using the Langmuir-Blodgett method. The phthalocyanines have also veen
shown to be quite sensitive to chemical warfare agents in other work?3. There are a
large number of other classes of organic semiconductors that may also prove to be useful
in vapor detection applications.

The mechanisms by which the conductivity of the organic semiconductors is altered
are complex. Generaliy speaking, the apparent conductivity of the device will be. altered
if there is a change in the number or mobility of electronic charge carriers. Vapors
donating or accepting electrons from the semiconductor will produce conductivity changes
that depend on the efficiency of the charge transfer process. A typical chemiresistor
using a phthalocyanine exhibits a background current in the 10713 10 10°'® amp range.
Thus, the number of charge carriers necessary to generate a signal above the background
current fluctuation level will be in the range of 108 to 10° If the charge transfer
efficiency between the vapor and semiconductor is high and the intrinsic carrier
concentration low, then the chemiresistor is theoretically able to respond to incredibly
small concentrations of vapor. One million molecules of a vapor like DMMP has a -mass
of about 2 x 10718 grams, 3 to 4 orders of magnitude better than anything believed to be
possible using a resonant piezoelectric device such as the SA'Y sensor. Based on our S
understanding (albeit limited) of the behavior of microelectrodes and organic -
semiconductor films it is possible to make some estimates of the performance capabilities
of chemiresistor devices. These estimates are summarized in Table 2.
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OPTICAL WAVEGUIDE ' T

! % The use of optical schemes to detect gas phase chemical species has a number of

advantages: the impact of electromagnetic interference can be reduced, physical contact :
with the environment may be avoided (emission spectroscopy), wavelength selectivity may g
introduce an additional degree of freedom and fiber optics can facilitate remote detection g
“where the electronics package is located in a centralized, secure site. The optical :
approach has a number of generic disadvantages including susceptibility to stray light 2
®nterference, possible photodegradation of organic and polymenc materials and somewhat :
imited dynamic range. Seitz?® has published a general review of fiber optic approaches :

to chemical sensors; several other reviews have been published which focus on optical . : 5
detectors for immunoassays in liquids.27-29 ’ -

s

3

)

There are five conceptual approaches to optical chemical sensors discussed in the . -
literature: absorption, scattering, refractometry, emission, interferometry. Of these five, N 4
Bonly two (refractometry and interferometry) have been used to probe low concentrations
™of gas phase species. Absorption spectroscopy, based on variations in the imaginary part
"of the dielectric constant, is a powerful approach io the identification of molecules; it is

Ma bad approach to trace analysis as one must look for small changes in a large signal. e
MEmission, the inverse process to absorption, is recognized as a technique for truce

7analysx5' fluorescence =mission has been exploited by a number of researchers for e 5
gdetection in fluids.30-3!  This approach has the desired characteristic of increasing signal - e

®for increasing concentration, but only if the species fluoresces or reacts with a o
fluorescent coating. This restriction limits the breadth of this approach.
Photorefractometry dates back to the 1950’s when it was used to sensitively measure -

Mthe complex index of refraction n*® of liquids.3! Photorefractometry makes use of the . o S
critical angle for light reflection’ when proceeding from a higher index of refraction
gmedia into a lower index media. Light incident on the interface with angles below the -
Bcritical angle {i.e. closer to norm.. incidence) tends to be transmitted; above the critical " '
langle it is reflected. In a waveguide this corresponds to light leaving the guide
(radiative modes) and remaining in the guide, respectively. Designed carefully, a o8 A
photorefractometsr has been shown to measure changes in n®* of | part in 105, ' ) R -
Tiefenthaler et al.32-3% have designec¢ a single mode waveguide approach to 2
photorefractometry which has shown sensitive detection of gas phase chemical species
§(H,O, ethanol, and acetone). With demonstrated sensitivity to -0.] ng H,0 this
Wtechnique is promising, but it needs more research to define its full potential for gas i
yphase sensing: high sensitivity may be at the expense of dynamic range. The approach ;

is amenable to integrated optics fabrication; however, constraints on the grating coupler § -

ill keep the device size to millimeter dimensions, at least for visible light. Giulian; st ; e °
al.34-3% have demonstrated the detection of gas phase chemical species using a cylindrical -
‘multimode waveguide; their work reports signal versus concentration data for several
species, including G-agent simulants. Detection of species at the parts per million level
in the gas phass has been shown, as has some selectivity based on polymer coatings on
the waveguide surface. That work has not been modeled sufficiently well to project
ultimate sensitivities; however, the resuits are promising in that simple, inexpensive -B.
components made up the system. E

#

When a clad optical fiber is coated with a material which changes size under the R
influence of an external field (temperature, electric, magnetic, etc), the smaill change-in SRR
optical path causes a phase shift in the light propagcting in that wavcguide which can be -
detected by watching -the interference fringe pattern set up by mixing the light from an T .
uncoated waveguide.®® Butler3? has shown that this concept will work for gas phase > -
hemical detection; he demonstrated sensitivity -of 1 to 10% ppm H, via its reaction with

.
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a Pt coating. He estimates that more careful design will result in at least an order of
magnitude better sensitivity for H, and that polymer coatings may be able to extend the
range of detectable species. This approach is inherentlv very sensitive, but its utility
will be governed by as yet unknown coatings. *

The work on optical waveguide detectors is still too rudimentary to project device
limits; some information is presented in Table 2.

CHEMFET

The CHEMFET measures the gate electrode potential at a insulator-coating interface
through the silicon-insulator field effect, i.e. changes in the concentration of holes or
electrons just below the silicon-insulator interface. The Suspended Gate CHEMFET is
discussed here as an example; this device has a gap between the gate electrode and the
silicon insulator interface?4l, A selective coating can be dcposited in this gap., A
potential applicd to the gate electrode is dropped across both the coating and the
insulator, the relative amounts determined by their impedance characteristics. The
sensitivity of the CHEMFET depends on the transconductance 2. of the device, and the
altered potential resulting from a change in the coating impedance. Suspended Ga's
CHEMFETs have been used for chemical vapor detection.’®4% Josowitz4®
electropolymerized polypyrrole on a Suspended Gate CHEMFET; charges in -ork function
were measured in response to various gas pnase dipolar solvents. In principie, a
chemiresistive coating could be applied to a Suspended Gate CHEMFET (or to an
interdigitized array in series with the gate of a MOSFET).

CONCLUSIONS . : -

The SAW senscr concept is the best developed at this time. However, the
chemiresistor and optical waveguide approaches have the theoretical capability for
equivalent or better performance. Whether they ultimately achieve that performance
depends mostly on coating development and to a lessor extent on device improvements.
The CHEMFET approach is still further behind and ..ruggling with microfabrication and
passivation problems. The impetns for further development of the three trailing
technologies lies in two observations. First, each has its own set of
advantages/disadvantages which inay influence its choice for a particular situation. For
instance, the optical waveguide is insensitive to EMI/EMP and might be preferred in
systems with large amounts of interfercnce. Seconc, when presented with an unknown
compound, an analytical chemist will choose 2 suite of analytical tools to measurs several
physical properties. In this way, a more definitive identification can be made. The same
will inevitablv be true for chemical microsensors.
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CHEMIRESISTOR VAPOR SENGOR COATINGS: STRUCTURE AND PROPERTIES

W. R. Barger, A. W. SnYw, J. L. Dote, R, Price and
M. A. Klusty”™ and E. Wohltjen

; ABSTRACT

Practical vapor detectors using chemiresistor microsensors
that change their electrical resistance when exposed to vapors
require an inventory of suitable sensor coatings. Structure and
properties of metal-free tetrakis (cumylphenoxy) phthalocyanine
were studied as representative of the class of.phthalocyanine
derivatives successfully used in experimental sensors. Electron
microscopy revealed that these coatings consist of layers built
up from a two-dimensional microemulsion. The thermal stability
of coatings could be tailored by the choice of trcnsfer promoter
used in the Langmuir-Blodgett deposition technique. KXinetic
studies showed that absorption and desorption of vaporz by the
coatings followed a second order rate law.

If individual vapor sensors are made very small, clusters
of these sensors can be combined in a vapor detector that gives
a response pattern characterastic of the detected vapor.
Chemiresistor vapor sensors have the potential for use in this
manner. Chemiresistors can be made by °~ positing thin coatings
of organic compounds over planar interdigitzl electrodes
microfabricated on small quartz substrates. A coating is
required which changes its electrical resistance on exposure to
the vapor to be sensed. The fact that phthalocyanine compounds
exhibit changes in cgnductivity on exposure to vapors has been
known for many years”, and a gas sensor using vapor—deposited
phthalocyanines was described by Japanese workers in 1978°.
Chemiresistors made by sublimation of different metal
phthalocyanines onto interdigital electrodes were examined, but
it was found that at room-temperature, reversibility was
poor~. Very thin coatings would be expected to give rapid
responses to vapors because of reduced diffusion times. One
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method of preparing reproducible coatings of precisely controlled
thicknesses is the Langmuir-Blodgett (LB) deposition technique.
In the classical LB *technique, single-molecule-thick layers of
oriented polar organic compounds are formed on a water surface
and then transferred, one monomolecular layer at a4 time, to a
solid substrate by repeated passing of the substrate through the
air/water interface. Organic derivatives of phthalocyanine
suitable for dgposition by the LB technique were synthesized in
our laboratory . Chemiresistors were prepared from the
phthalocyanine derivatives and were found to be more sensitive
and more 5eversib1e than the sensors using sublimed

compounds'. A series of tetrakis (cumylphenoxy)

phthalocyanines containing H,, Co, Ni, Pd, Pt, Cu, Zn, and Pb
were used to make chemirgsisgors which were exposed to ammonia,
DMMP, and sulfur dioxide . This experiment showed that an

array of small chemiresistor sensors could produce patterns of
response when exposed to low concentrations of vapors. -
Reversibility, selectivity, and sensitivity in the low ppm rang
were demonstrated.

Relationships between chemical structure, morphology, and
properties of these materials are being investigated so that
films with improved vapor-sensing characteristics may be
produced. Details about the preparation of monolayer films of
the tetrakis (cumylphenoxy) phthalocyanines and mixgd monolayers
containing octadecanol have been reported elsewhere . Studies
of the the LB films of these compoun?a by Resonance Raman
Spectroscopy have also been reported™ . New information to be
presented in this paper includes results of examination of the
LB films by Transmission Electron Microscopy, results of
experiments to coptrol the melting point of mixed films, and
kinetics of absorption and desorption by films exposed to
concentrated vapors.

Transmission Electron Microscopy

Experiment. To prepare a 1:1 wmole ratio chloroform
solution of metal-free tetrakis (cumylphenoxy)_ghthalocyanine
(H,Pc(Cp),) with octadecanol, 5 ml of a 4 x 10 M -3
solution 3f the phthalocyanine was mixed with 1 ml of 2 x 10 M
solution of octadecanol. A micropipet was used to spread
0.25 ml of this solution on the Langmuir trough. To prepare a
single layer sample for examination by Transmission Electron
Microscopy (TEM), a 25 mm x 50 mm fused silica microscope slide
was withdrawn vertically from beneath the water surface while the
film pressure was.maintained at 20 mN/M. The resulting film-
covered slide was platinum shadowed at a 45 degree angle to make
a replica of the film. The replicz was floated off the surface
of the silica with a dilute solution of hydrofluoric acid.
Figure 1 is a photograph of the TEM image.

Discussion. The film has.a previously unsuspected-nodular
structure that looks like a two-dimensional microemulsion.
However, the particles are not’ spherical, but more like
pancakes,, with width to height ratics on the order of 10 or more
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3 ! Figure 1. TEM image of a 45° pt-shadowed LB film of 1:1 metal-
'{ free tetrakis (cumylphenoxy)} phthalocyanine and octadecanol.
E Nodule diameters range approximately from 500 to 800 Angstroms.

.

‘Their heights are estimated at approximately 50 Angstroms.

the film is hydrophobic. However, not enough octadecanol is

present to cover the antire top surface of the film with a close-

packed monolayer such as would be found in a true emulsion or
:} micelle. The bottoms of the pancake structures may be

31 to 1. Contact angle measurements indicate that the top side of

hydrophilic, which would be consistent with the apparent
behavior of this complicated structure as a classical LB film.
Stacks of phthalocyanine molecules with the bottom molecule of
g,- the stack flat on the substrate woula be consisten% with the
i [‘ Resonance Raman Spectroscopic data . The area per molecule
determined by film pressure vs. area measurementg is too small
] for monomers alone to be adgorbed at the surface”. The X-ray

powder diffraction spectrum showing a 3.3 Angstrom spacing
suggests some cofacial stacking. Electron Paramagnetic
Resonance data for mixed LB films containing Cu indicate some
M : anisotropy and may lead to a calculation of an approximate
f‘j‘ average angle of orientation of the stacks. All of this
| information leads to a complex model of aggregated
phthalocyanine with a hydrocarbon-like top surface and
m? containing some oriented stacks of the tetrakis {(cumylphenoxy)
*1 phthalocyanine. All stacks need not be perfectly aligned like
©in a crystal. Since the nodules. are formed by evaporation of
the chloroform from a 1:1 mole ratio mixture with octadecanol,
!»[ some octadecanol is likely to be trapped inside the nodules. A
i; monolayer of pure octadecanol probably occupies the voids
I between nodules on the silica surface.

l‘ Experiment. Differential Scanning Calorimetry (DSC) was
wt used to compare the thermal stability of several LB films ard
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corresponding bulk transfer precmoters. Using solutions prepared
as described earlier, LB films of over a hundred layers thickness
were deposited onto small aluminum disks approximately 6 mm in
diameter. Six disks were stacked in the DSC sample pan f?f each
run and contained a total of approximately 0.2 mg of film~*.
Temgerature was raised at a constant rate in the range of 25 to
1507 C, and the heat absorbed or released was observed. The
transfer promoters stearyl alcohol, stearyl amide, and stearyl
amideoxime were studied as bulk pure comprounds, as LB films, and
as LB films mixed with HZPC(Cp)4. Results are in Table 1.

Table 1. Melting Points by DSC

Transfer Mixed LB Film ’ LB Film Bulk Bulk
Promoter w/H2Pc(Cp)4 (meas.) (1it.)
Stearyl Alcohol 56.3-57.9 58.5 —— 58.5
Stearyl Amide 107.0 108.7,109.2 108.7 109
Stearyl Amideoxime not obs. - 106.8 -

Discussion. The melting point of the mixed films is
determined by the transfer promoter. In the case of stearyl
alcohol (octadecanol), there is evidence of irreversible change
near 52° during the first rising temperature run. Successive
heating and cooling cycles show a different DSC thermogram shape.
Morphoiogy changes may have occurred during the first run. 1In
the stearyl amide case multiple runs are identical, and a two-
phase system appears to be present with some of the amide
present in its pure form. 1In the stearyl amideoxime case the
DSC thermogram is a straight line between 25 and 150~ C. The
amideoxime is either intimately mixed with the phthalocyanine.or
the mixture melts above or below the temperature range of the .
test. The ygeneral result of these Sxperiments is that mixed
£films with melting points above 100~ C can readily be made.

Kinetics of Film Interaction with Concentrated Vapors

Experiment. Rapid preliminary investigations of the
properties of candidate coatings for both chemiresistor and
surface acoustic wave (SAW) microsensors were conducted using a
dual 52 MHz SQY delay line oscillator with ope side used as a
chemiresistor™~. Frequencies were measured with a Systron-
Donner Frequency Counter, and resistances were measured with a
Keithley 617 Programmable Electrometer. Both instruments were
connected to a microcomputer with an IEEE-488 interface to give
a simultaneous reading of frequency shift and resistance change
as a function of. time while the coated sensor was exposed to a
test .vapor.. The frequency shift-.-of the SAW sensor isvdireciiy
proportional to the mass of vapor absorbed into the coating™ “.
-Vapors were generated by bubbling nitrogen at 20 .ml/min through
a sintered 'glass tube submerged in the pure liquid. During a
run, 5 min of baseline data was recorded with pure nitrogen
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flowing, then saturated vapor was switched into the sample
stream for 40 min. At the 45-min mark the pure nitrogen stream
was switched in place of the vapor, and desorption of vapor from
the coating continued for the remainder of the 120-min test
period. Test vapors of iodine, dimethyl-methylphosphonate, and
ethyl-chloroethyl sulfide were used with LB films for
chemiresistors and sprayed polymer films for SAW sensors.
Discussion. Both absorption and desorption of the saturated
test vapors by all the coatings followed a second order rate law.

C = Mass of vapor absorbed
ac kc2 Co = Mass of vapor when saturated
dt k = Rate constant .
t = Time :
OUTGASSING ABSORPTION
1 1 - . |
c Co ke ¢ Co 1/Co + kt

By‘ the method of least squares the best straight line through a

plot of 1/frequency change vs time was fitted to obtain values
for Co and k. The relationship between C values and frequency
shiftilcould be obtained by calibration of the SAW device with LB
films™". An absolute calibration was unnecessary when only the
relative quantity of vapor absorbed per quantity of coating was
desired. Since the frequency shift due to application of the
cocating was measured, and the additional limiting frequency shift
at saturation could be computed when SAW frequency shifts due to
vapol uptake were used for the C values in the above equations,
the ratio of the limiting frequency shift to the shift due to

the pure coating material was obtained. Table 2 reports the
results for DMMP absorption into several classes of coatings.

- Table 2. DMMP Vapor Absorbed into Microsensor Coatings

Cocating Type Maximum Mass of Vapor Absorbed
per Mass of Coating (g/g)

Polymers for Saw Sensors? b 0.43-0.96

LB Film Overcoated with Polymer 0.39

LB Mixed Films for Chémiresistor Sensors® 0.05-0.13

LB Transfer Promoters 0.01-0.03

- — . T P G D e G > - — T - — > ——— - A W T — - W S S T T S e

a) polyethylere succinate, polyetlkylene dichloromaleate, poly-
propylere maleate, and polyethylene maleate.

b) H, Pc(Cp) ,/stearyl alcohol coated with polyethyiene maleate.
a% listed in Table 1 with the addition of stearic acid.

- - - - A o " - — —— >t T Y W et - - e o -

CONCLUSIONS

L4

Transmission Electron Microscopy coupled with other
observations indicates that chemiresistor coatings made from
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mixed multilayer films containing phthalocyanine derivatives are
much more complex than classical Langmuir-Blodgett £films. The
thermal stability of these coatings is determined by the melting
poigt of the transfer promoter. Films with meltirg points above
100~ C can be made. Interaction of the coatings with
concentrated vapors follows a second order rate law. Therefore,
the limiting amount of vapor absorbed can be computed. Coatings
can be ranked according to their ability to absorb vapors.

Mixed LB coatings can increase their mass 5-13% by absorbing
vapors. An overcoat of polymer can increase this vapor
absorbing capacity, and the overcoat may act as a selective
membrane.
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SORPTION KINETICS MEASURED BY SURFACE ACOUSTIC WAVE SHIFTS

David L. Bartley1.
Dawn D. Oominguez, William R. Barger, Arthur W. Snowl and
Hank Wohltjen3

ABSTRACT

Vapor sorption vs. time is measured by monitoring the surface acoustic
wave (SAW) frequency of a quartz substrate under a polymer film. Uniform
spin-coatings are developed. T-dependent effects in SAW support electronics
and mounting are minimiced and characterized. Kinetics of diffusion of vapors
into polymer films are measured in terms of concentration and polymer

+history. Preliminary data modelling is carried out. Aside from application

in characterizing mass transfer into and out of protective equipment (for
example), results of this research may find use in development of a diffusive
sampling (i.e., pumpless) constant-baseline vapor microsensor.

INTRODUCTION

Gas or vapor transfer within polymers represents a central focus of active
investigation from a number of angles. From a chemical or physical point of
view, dynamic information on polymer response provides a useful probe into
structure and its deformation. Of mathematical interest is the qualitative
shift from dispersive to wave character in solutions of the diffusion equation
3s nonlinearities and polymer history become significant. Practical
applications are immediate: Lingering of hazardous gases following exposure
is of importance both in military and industrial applications. Alternatively,
mass -‘transfer is a dominant phenomenon determining the efficacy of protective
equipment such as gloves or goggles. Related is the effectiveness
of polymers for use in packaging or as protective paints.

Characterization of a polymer-penetrant pair requires measurement of
uptake and loss vs. time. In the case of slowly relaxing glassy polymers in
which the diffusion rate sometimes depends or recent exposure history, a
succession of such measurements is necessary. So as to make such
experimentation feasible, the approach adopted in the present paper is to
employ thin polymeric films so as to cut experimentation time by many orders
of magnitude from that required in characterizing sampies of the order of mm
thicknesses.

Specifically, a polymer film is deposited on a quartz substrate provided
with interdigital electrodes for the transmission and detection of surface
acoustic waves (SAW). Upon’exposure to soluble gas or vapor, mass or
elasticity changes in the film may be measured by monitoring shifts in SAW
characteristizs. With the extremely rapid SAW detector response instantaneous
traces in time can be determined.




EXPERIMENTAL
film deposition

The films used in Lhe present series of experiments were composed of
polycarbonate, a gla:zsy polymer at rocm temperature, and were deposited onto
the quartz substrate as follows. Polymer dissolved in suitable solvent is
placed upon the quartz which is then immediately spun with rapis angular
acceleration about an axis perpendiculai to its surface. A)Y but a boundary
layer of solution is therepy thrown off, leaving behind a polymeric film after
evaporation of tha solvent. Film thickness is measured thereafter by
combining measured film weight (and area) wizh interference fringe shifts.
Crystals with films are kept in a dessicator unti) used, since humidity
effects were found to be excessive.

Suitability of the solvent was determined by trial and error. Films
deposited from chinrofcrm solutions proved to be plagued by enormous waves in
the polymer. Interestingly, the wave crests ran radially out from the spin
center and bifurcated regularly so that a constant wavelength was maintained.
Measurement of the waves by interferometry indicated that the wave amplitudes
were of the order of the film thickness itself and therefore could lead to 100
percent errors in transfer rate measurements.

This problem of film nonuniformity was solved through the use cf a more
viscous and less voiatile solvent. Specifirally, polycarponate films spun
from chlorobenzene were found to be entirely wave-free. Perhaps, the
smoothness was obtained 2s a result of reducing boundary layer turbulence by
Reynolds number reduction through kinematic vi.cosity increase.

apparstus

The results given below were obtained using a 52 MHz vo<cillator with SAW
crystal in a delay line as described elsewhere.(4) The t=mperature
dependence of the electronics/crystal was found to be excessive at times.
Therefore, in order to minimize any temperature-sensitivity, the entire
oscillator was confined to an enclosure with temperature controlled by heater
and fan to within :0.1¢ C of 31.0°¢ C.

Saturated toluenc vagor (the penetrant in the experiments described below)
was produced by bubbling purified nitrogen and was then diluted to the desired
concentration. 5o as to keep the dead volume delay time to a minimum, a large
flow rate equal vo 200 mL/min was selected. With the system dead volume
estimated at 5 mL, 200 mL/min corresponds tc a delay equal to about 1 sec. A
cecnstant flow system was implemented so as to maintain the instrumental time
lag at a constcant value (experiment indicated no flow or pressure sensitivity
of the SAW crystal outside the temperature depencency mentioned above). The

result was a flow system with the capability of switchirg quickly between pure
nitrogen and a mixture of nitrogen and toluene.

exper imental results

The following experiments were conducted using the equipment described
above. Four toluene sorption/desorption pair runs were carried out at each of

5, 10, 25, 50 and 100 percent saturated toluene in nitrogen in a 2800 Angstrom
polycarbonate film spun from chlorobenzene.
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Figure 1. Sorption Isotherm. ' Figure 2. Kinetics at S0% saturation.

In Figure 1 is shown the sorplion isotherm obtained from the collective
data of these experiments. Given is the equilibrium SAW frequency shift in
terms of toluene concentration. Note that at a toluene concen.ration equal to
about 20 percent saturation, the curvature in the sorption isotherm changes
sign., Perhaps the structure observed in the curve is a result of the

-combination of surface adsorption together with bulk absorption by the polymer

film, 160y .
Also important s the approach to  ¢,,.l .
equilibrium (se« Figure 2). At both <>g‘2D
50 and 100 pe-cent saturation, g“”woi
sorption equilibrium is achieved in a gg‘ao .:::::.
finite time interval, rather than via ¢
exponential Jdecay. Such behaviur may =i €0 arrows lndicate run order
indicate motion of a sharp sorption Tz 40 .
front through the polymer as seen 20 |
optically by some and hypothesized by 0 75 o —1% 130
many researchers.(5-6 SATURATION (PEACENT)

A summary of other nonequilibrium
features of the toluene-polycarbonate
system is presented in Figure 3. Shown is the time t,,, required for the
system to achieve half of the equilibrium frequency shift for each of the
concentrations. Were the diffusion rate 0 independent of concentration then
such a relaxation time indicator would be given by

Figure 3. Time to hall-equilidrium.

t,,, = (W/16)-(82/0), M

where & is the film thickness. Even though the diffusion rate 1s actvally
strongly concentration dependent and, with glassy polymers, history dependent,
the time t,,, is indicative of relaxation times relevant during sorption

and desorption and is therefore used in this paper for a rough interpretation
of data.

The following genera) observations can be made concerning the data of

Figure 3:

{1) Desorption and sorption times t,,, at each fixed concentration
generally decrease dyring the course of the experiments as the
polymer ages and diffusion rates {ncrease.

(2) The times t,,, may approach a limiting value which as mentioned
above is strongly concentration dependent and is given approximately
by

t,/, = 4 sec/S, (2)
827
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(continuous curve in Figure 3).

isotherm of Figure 1).

selected out.

THEORETICAL

as well as to numerical methods of solution.

theoretical model

equation,

3C/3t = [3/3203/3z]C,

function Deq(C). In this paper Deq(C) is modelled as

Deq(€) = Do + D,C,

change of D is proportional to its distance from Oeq:

aDlat = t-‘(0eq - D).

numerical methods

others' .methods developed from alternative viewpoints.

828

where S is the concentration measured a; fractional saturation

{(3) Only at concentrations less than 20 percent {is sorption quicker than
desorption {possibly related to the curvature shift in the sorption

In short, an interesting variety of qualitative features are present in the
data, and therefore 1nadequatg theory should straightforwardly find itself

Modelling of the above data is as yet far from complete because of the
nontrivial nature of the theory and numerica) approximations required.
Nevertheless, several interesting results have been uncovered and {herefore
are reported here. Our findings are relevant both to the understanding- of
diffusion in polymers and a class of nonlinear partial differential equations,

Diffusion of a substance with concentration C is governed by the diffusion

(3)

where D is the diffusion rate and z is a spatial coordinate which here is
taken to be fixed (i.e., stretches) with respect to the polymer. At
equilibrium, D is assumed to approach a purely concentration dependent

(4)

where D, and D, are unknown constants. Equation 4 is consistent with
Equation 2 over a limited range of concentration values C.

The least certain part of the diffusion theory concerns the polymer
relaxation following changes in the concentration, in other words, how the
instantaneous diffusion rate D approaches Dpq. Perhaps the simplest
assumption is that a single relaxation time t is dominant; i.e., the rate of

(5)

Equation 5 is actually part of a theory to be found in the literature
containing yet further models to be sorted out by experiment.(5-6)

Numerical solution of Equations- 3-5 and their like is beset by such -
problems as stability, accuracy, convergence and computation time
requirements.{7) This paper adopts a heuristic approach which touches on

The result is an




extension specifically applicable to the solution of the diffusion equation
with non-constant diffusion rate.

Inaczuracy in finite difference solutions of Equation 3 13 dramatically
evident in approximations of the analocout Schrodinger equation (Equation 3
with constant, complex D). In this case inaccuracy takes the form of the
gradua) disappearance of particles---an unacceptable divergence to zero in a
particle conserving system. The way out of this difficulty {s to revamp the
approximation scheme so that particles are conserved exactly at the finite
difference level---not only in the 1imit of infinitessimal grid spacing. This
is accomplished by approximating the argument of the laplacian by a two-time
average.

In the language of Equation 3, the concentration value CRHS to be used
in the right hand side of the equation is approximated as

Crus = (C¢ + Cesgt)/2, (6)

where 5% represents the temporal resolution of the approximation. This
expression {at constant diffusion rate) may be recognized as identical to the

- Crank-Nicolson approximation,(6) which infinitely extends the range of

stability of diffusion equation finite difference solutions. The diffusion
equation analogue of particle conservatior can also be carried over from

~quantum mechanics for the case in which the diffusion rate D is not constant

spatially. The (unpublished) result is again Equation 6 together with the
following approximation for the Jifferential uperator on the right hand side
of Equation 3:

2-3/37(D3/32) ~ 6.D74528+ + 840z-526_, (1)

where 5§, are forward/backward spatial differences over a grid with
resolution §z. At this point the model and its numerical app.oximation are
s0 defined that solution on prasent-day personal computers is possible by
exact solution of the tridiagonal linear equations which result using
Equations 6-~7.

numerical resuylts

No attempt at fitting the data presented above has been made as yet.
Nevertheless, preliminary calculations indicate the possibility of sharp
concentration front motion for some ranges of model parameters (consistent
with the above data). For the case in which the concentration at the polymer
surface is raised suddenly from zero to a constant value C,, there are

only two independent parameters which defi:ne all the model solutions (aside
from scaling in space or time):

u, = 0,6,/0, (8)

Uy * TH/T, (9)

where x, ( = §2/D,) is (proporticnal to) the relazation timz

were the diffusion rate constant and equal to D,. Thereforn, u,
measures the departure of the diffusion rate from constancy, and yu,
specifies the polymer relaxation time t. 1In the regime, u, and

%y smal) in comparison to unity, concentration profiles have a *Fickian®
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shape with curvature always
positive. However, if both
parameters are large relative to
unity, the profiles take on the
shape of a. sharp (aside from a

-
.
o
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o
«

2, ® 100
heavily damped advance Fickian v;-‘w
component) wave front moving through
the polymer at constant velocity.
An example of such a front at a 0.0 ——t—t—t-
specific time following polymer 0 0.5 1.0

exposure is shown in Figure 4. DEPTH
Figure 4. Concentration front profile.

CONCLUSIONS

Results presented in this paper demonstrate the potential of using surface
acoustic waves (SAW) to monitor the uptake and loss of gases or vapors by
polymers. The advantage lies in the fiim thinness which makes extensive
experimentation feasible and, in fact, permits characterization of polymer
history effects. In this regard, a simplest polymer relaxation model and its
approximation are capable of depicting sorp..on wave froants which are evident
in the SAW data collected.

Future research in this area must broaden the scope of the
polvmer/penetrant systems examined and their model descriptions. 1In a
separate vein, the relationship between surface and bulk sorption phenomena
must be determined-~~by sorting out surface from volume effects and by
determining the effect of the specific fiIlm deposition techniques employed.
The results of this type of research could lead to a comprehensive
understanding of gas and vapor diffusion in polymers. !
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ABSTRACT

Many gas sensors operate by detecting the gas molecules which are absorbed and
concentrated by a thin film. The equilibrium distribution of the gas between the gas
phase and the thin film (or stationary phase) can be quantified by the partition
coefficient. Polymer/gas partition coefficients have been calculated from the
responses of polymer-coated surface acoustic wave (SAW) vapor sensors, and these
values are in agreement with values determined independcntly by gas-liquid
chromatography. Quantification of the gas-polymer interaction facilitates the
interpretation and prediction of SAW sensor behavior, and is relevant to any gas
sensor employing a thin absorbent film.

INTRODUCTION

A key component of many gas sensors is the chemical coating material which
absorbs and concentrates the gas to be detected. Absorption of. the gas can be modeled
as a solute-solvent interaction, where :he gas is the solute and the sensor coating is
the solvent. This model has been very useful in understanding the behavior of surface
acoustic wave (SAW) vapor sensors, which detect the mass of vapor absorbed into a soft
polymeric stationary phase coating, (Further details on SAW vapor sensor operation
can be found in reference 1.)

The solute hydrogen bonding properties, in particular, have been indicated as an
important factor in determining the sensitivity and selectivity of SAW vapor sensors.
Using pattern recognition techniques, the data from a variety of coating materials on
SAW devices exposed to vapors with a full range of solubility properties were
examined. Heiarchical cluster analysis demonstrated that vapors which could accept or
donate hydrogen bonds were distinguished from non-hydrogen bonding vapors.

A better understanding of the factors :nfluencing the sorption of gases and
vapors into sensor coating materials would facilitate the development of gas sensors
for specific applications. Indeed, one of the attractive features of sensors
employing thin absorbent films is their potential to be adapted to a wide variety of
gas phase analytical problems by strategic design or selection of the coating
material. However, full realization of this’ potential will require methods to
quantify, understand, and ultimately, to predict, the vapor/coating interactions
responsible for vapor sorption. '
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Quantification of the equilibrium distribution of vapor between the gas phase and
a sensor coating (statiomary phase) can be achieved using a partition coefficient, K,
which gives the ratio of the concentration of the vapor in the stationary phase, Cs,
to the concentration of the vapor in the gas phase, C, (equation [1]).

K = CyCy [

This concept is illustrated in Figure l.

~ Partition coefficients are a particularly useful concept for thinking about SAW
sensor responses because the sensors response, a frequency shift, can be directly
related to the partition coefficient by equation [2].

af, = Afg Cv K / p 2

In this equation, Af, is the frequency shift caused by vapor absorbed into the coating,
Afg is the frequency shift caused by the application of the coating to a bare device (and
provides a measure of the amount of coating applied), C, is the concentration of the
vapor in the gas phase, K is the partition coefficient, and p is the coating material
density. With this simple equation, partition coefficients can be calculated from SAW
sensor data. Alternatively, if K is known from GLC measurements cr solvatochromic
correlation equations, then these values can be used to estimate SAW sensor responses
using equation [2].

The relationship between partition coefficients and SAW sensor responses was
experimentally tested using the coating material *fluoropolyol’, which has proven in
repeated testing to be a very well behaved and reproducible sensor coating. The
structure of the repeat unit of fluoropolyol is shown in Figure 2. Polymer/gas partition
coefficients calculated from sensor responses were compared with the same partition
coefficients determined independently by GLC measurements, usiag fluoropolyol as the
column stationary phase. The results are in good agreement, confirming the solubility
model above. This work is presented briefly below; additional details can be found in
references 3-5.

K = S5
Cy

L 1T

1 G Out
Gas In c as

5 B m .
(-CMg-Ch-CHy-0-C C-0-CMg-CH-Ciy-O+C-Ciy-CHECN-C-0-)
Stationary Phase P ;;@"‘,"’ e )
SAW Device
Figure 1. The partition coefficient. Figure 2. Fluoropolyol.
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SAW PARTITION COEFFICIENTS

SAW vapor sensors were prepared by spray coating one delay line of a dual delay
line SAW device with a dilute solution of fluoropolyol, as has been duscribed
previou:.ly.z'4 These sensors were tested against vapors by alternately exposing them to
clean air or a calibrated vapor stream using an automated vapor-generation instrument
described in reference 6. The change in the frequency observed when the gas over the
sensor was changed from clean air to vapor gives Af,. Fer reliable measurements of K,
this frequency shift must be determined only a!'ter the sensor has reached a stable,
equilibrium response level.

In this study, we report data for two 158 MHz SAW vapor sensors labelled "A" and
*B". Sensor "A" had 223 kHz of fluoropolyol coating, and was tested against vapors in
three separate testing sequences over a two month period. It was tested a fourth time
several months later. Sensor "B® had 221 kHz of fluoropolyol coating, and was tested
twice. These tests were conducted at 35 + 2°C. These data provide comparisons of
reproducibility from one sensor to another as well as the reproducibility of a sing'le
sensor tested repeatedly over several months. Data sets of vapor exposures were
collected by exposing the sensors to each of nine vapors, each vapor at four
concentrations, each concentration repeated four times. In addition, dimethyl
methyiphosphonate (DMMP) was repeated throughout the dataset and its reproducibility
was very good.

The SAW frequency shifts for each vapor exposure were used to calculate partition
coefficients, denoted Kgaw. according to equation [10]). These were converted to
.logarithms and the sixteen values for each vapor (or ca. one hundred for DMMP) were
averaged and their standard deviation deterinined. These log Kgaw values are rsported
in Table 1. The standard deviations of these values were typically 0.02 to 0.10 log units.

The average log Kgaw values for each vapor are generally consistent over the six
datasets collected. For six of the nine vapors, the difference betwcen the highest and
lowest values is 0.15 log units or less. A variation of +/- 0.075 log units in log Kgaw
corresponds to +/- 18% in the SAW Af, values. For comparison, the uncertainty in the
vapor concentrations is up to +/- 15%, depending on the particular concentration
generatcd.6 These results demonstrate that fluoropolyol-coated SAW sensors can be
fabricated and tested reproducibly, and that the responses do mot change over a period
of months. Previous results with fluoropolyol on 112 MHZ dual delay line SAW devices
have shown that sensor responses are similar from one day to two months after coating,
and that annealing the fluoropolyol film at 110°C for one hour did not influence its
performance.“ The vapor/coating interactions are therefore coasistent and reproducible,
and fit the model of simple, reversible sorption.

For most of the vapors the calculated Kgaw values were constant over the
concentration range reported. This corresponds to a linear sorption isotherm, as
illustrated for l-butanol in Figure 3. The number next to each data point is the
corresponding Kgaw value. A linear sorption isotherm represents ideal solution behavior.
The sorption isotherms of dimethyl methylphosphonate (DMMP), and N, N-
dimethylacetamide deviated significantly from linearity, with Kgaw values decreasing with
increasing concentration. These results are illustrated for DMMP in Figure 3 and suggest
specific, preferential vapor/oligomer interaction &t low concentrations. This interaction
is likely to be hydrogen bond formation between hydrogzen bosd donating (HBD) hydroxyl
groups on the fluoropolyol and hydrogen bond accepting (HBA) oxygen atoms on the
vapor.

The influence of temperature on SAW sensor responses was investigated by
measuring the sorption of DMMP at 20 ug/L at six temperatures between 35 and 80°C.
Sensor response and vapor sorption decreese exponentially with increasing temperature.
Thus, log K decreases linearly, from ca. 6.5 at 35°C to ca. 5.0 at 80°C.
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TABLE 1.
Typical
Concentration
Range
ug L-1
DMMP , 29 - 137
N,N-Dimethylacetamide 11 - 81
1-Butanol 1310 - 7820
2-Butanone 16400 - 95400
Water 893 - 5320
Diethyl sulfide 9030 - 53500
Toluene 7080 - 42000
1,2-Dichloroethane 20600 - 120000
Isocctane 15000 - 88500
TABLE II. Comparison of Log Ksaw
and Log Kgpc Values
YAPOR Log Ksaw Log KgLc
DMMP 6.52 7.53
N,N-Dimethylacetamide 6.33 7.29
1-Butanol 3.88 3.66
2-Butanone 3.58 348
Water 3.33 2.89
Diethyl sulfide 3.16 2.54
"Toluene 3.02 2.64
1,2-Dichloroethane 2.63 1.94
Isocctane 2.29 1.22

A,l

6.33
6.37
3.82
3.60
3.49
3.19
3.03
2.69
2.31

Log Kgaw Yalues for Fluoropolyol

Sensor, Data Set

A2 A3 Bl B2 Ad
6.21 622 6.30 6.28 6.28
621 6.08 6.18 6.11 6.13
3.86 3.85 392 3.8 3.94
3.54 3.53 351 3.58 3.64
331 3.0 3.3 343 354
3.11 3.08 323 314 323
296 294 3.09 303 3.04
263 257 270 257 26l
229 220 241 225 227

E ol
* ) CORCENTRATIN (pa/LITER)
§0mc [ c.;o
; 10000 b ..‘
CONCRUVRATION (PO/LITEN)

Figure 3. Sorption isotherms.




GLC PARTITION COEFFICIENTS

Partition coefficients for a wide variety of solute vapors were determined by
gas-liquid chromatography using fluoropolyol as the stationary phase. Partition
coefficients as defined in equation [1] are actually identical to the Oswald solubility
coefficients usuvally denoted as L. We will continue to use the symbol K, znd refer to
GLC partition coefficients as KGLC-

Absolute values of KGLc were obtained essentially as described previously in
reference 7, using glass columns 1.5 m long containing a 4% loading of fluoropolyol on
acid-washed, silanized chromosorb G, with helium as the carrier gas and a thermal
conductivity detector. Corrections for the pressure drop across the column and for
gas imperfections were carried out. Two series of measurements were made, at 25°C
and 60°C using alcohols as standard solutes. Additional solutes were then examined at
25°C and/or 60°C using a flame ionization detector. Relative values of K were
converted to absolute values using the known absolute values of the standard solutes,
as described before.’

GLC peaks on fluoropolyol were sometimes broad, especially at 25°C. Therefore,
26 KGLC values were determined at both 25°C and 60°C and the following correlation
was found to hold:

log KGLC (25°C) = 0.728 + 1.470 log KgLC (60°C) [3)
D = 26, sd = 0.156, r = 0.986

-When retention times were too long to measure at 25°C, equation [3) and the
measured value of KGLc at 60°C were used to estimate the value of KgrLc at 25°C.

Log KgLc and log Kgaw values for nine solute vapors are compared in Table 2,
with the vapors in order of decreasing log Kgaw. All of the GLC values refer to
25°C. In one case, diethyl sulfide, the log KGLC values was estimated from various
correiations we have constructed using soivatochromic parameters. Log KGLC values
refer to the vapor concentration at infinite dilution. The log Kgaotw values refer to
35°C and finite vapor concentrations. Except for DMMP, and N ,N-dimethylacetamide,
the values reported are averages of those in Table I. The two exceptions showed
significant increase in K with decreasing concentration, and the values in T.ble 2 are
for the lowest concentrations measured.

DISCUSSION

The log Kgow values correlate qualitatively with the log KGpLc values in Table
1. With the exception of the estimated value of log KgLc for diethyl sulfide, the
order of decreasing log K is identical for the SAW and GLC measurements, The log K
values for specific vapors are not always identical. However, the experimental
conditions for measuring partition coefficients with a SAW device are somewhat
different than those for GLC measurements. SAW measurements, for instance, are
carried out at finite vapor concentrations while the GLC measurement refers to
infinite dilution. In addition, the SAW measurements reported here were conducted at
35°C, while the GLC measurements were rigorously thermostatted to 25°C. Finally,
the calculation of Kgow assumes that the vapor causes the semsor to respond based
on mass effects alone; if mechanical effects become significast for s particular
vapor/coating interaction, then the calculated Kg,w Wwill be imaccurate. - One or more
of the above factors may be respoamsible for differences in the precise values of log
Kgaw and log KGpLc shown in Table IL

For exampie, for DMMP, the log KGgrc was 1 log unmit higher than log Ksaw-
The DMMP sorption isotherm in Figure 3 shows ‘hat log Kgow will increase as DMMP
conceatration approaches zero, thus more closely apprioximatiag the log KQLC value.
Temperature effects also show that if the Kgaw measuremest were at 25°C instead of
359C, then log Kgaw Wwould be closer to the log KGLc valve.
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The temperature sffects observed are worth examining for practical reasons. The
results demonstrate that precise thermostatting of a SAW sensor to fractions of a
degree is clearly not critical, but variations of ten degrees may influence sensor
respcnse and reproducibility. The form of equation [3] shows that temperature effects
will be largest for the most strongly sorbed vapors. For example, DMMP sorption with
log KgLC of 7.5 at 25°C, is predicted to be 7.0 at 35°C, a difference of 0.5 log units.

By comparison, a log K value of 3.0 at 25°C becomes 2.9 at 35°C, a difference of only

0.1 log unit. Therefore mcreasmg temperature reduces selecmnty in addmon to the
sensitivity..

The temperature effect and the overall correlation in the order of Ksaw and
KgLC values are consistent with the sorption model. Accordingly, - partition
coefficients are a useful concept for interpreting SAW sensor behavior, 2 and a2 more
detailed consideration of the factors responsible for sorption is warranted. Since
partitioning represents dissolution of a solute vapor into the solvent stationary phase,
solubility interactions must be relevant in determining sensor responses.

A simple examination of the order of the partition coefficients determined in this
study illustrates the importance of solubility properties. The lowest K values are those
of isooctane, a solute which is not dipolar or polarizable, and which caainot accept or
donate hydrogen bonds. Solutes which are more polarizable, such a dichloroethane,
toluene, and diethyl sulfide have greater K values than isooctane. However, these
solutes are still incapable of hydrogen bonding. The top of the list contains
exclusively those solutes which can accept and/or donate hydrogen bonds. Vapor

" -sorption is also influenced by the saturation vapor pressure, PO, of the solute va;:»or,8

with lower PO, giving larger partition coefficients. For example, both DMMP and 2-
butanone are hydrogen bond acceptors. But DMMP has a much lower PO, and is more
strongly sorbed.

Solubility interactions cap be placed on a more quantitative scale by the use of
solvatochromic pmmete which describe the dipolar and hydrogen bonding properties
of the solute vapors -13 Such parameters are available for a wide range of vapors,
but similar parameters are not yet available for very many coating materials. In order
to better understand vapor/coating interactions, it will be necessary to also
characterize the solubility properties of the stationary phase coatings. In addition, it
would be desirabie 0 be able to predict partition coefficients for any vapor with any
characterized phase. Methodologies to accomplish this are being developed using
equations of the general form shown in equation [4].M

log K = consttnt + s7®* +aa + b 8 +1log L6 {4

In this equation, the parameters 7%, a, 4, and log L!6 characterize the solute
vapor. n* mesasures the ability of a compound to stabilize a neighboring charge or
dipole., For non-protonic, aliphatic solutes with a single dominant dipole, * values are
approximately proportional to molecular dipole moments. a and 2 measure solute
hydrogen bond donor acidity and hydrogen bond acceptor basicity, respectively. Li6 s
the Ostwald solubnhty coefficient (partition coefficient) of the solute vapor on
hexadecane at 250 C, and provides a measure for dispersion interactions. The
coefficients s, a, b, and 1 are determined by multiple regression analysis and
characterize the stationary phase. For example, b, as the coefficient for solute
hydrogen bond acceptor basicity, provides a measure of the stationary phase hydrogen
bond donor acidity. For any particular stationary phase/vapor interaction, evaluation.
of the individual terms (such as bS) and comparison of their magnitudes allows the
relative strengths of various solubility interactions to be sorted. out and. examined.

The structure of fluoropolyol by itself does not allow precise predictions of which
interactions will be. most important in determining the sorpuon of a particular vapor.
Full characterization- of fluoropolyol by GLC measurements and equations of the form

-




in [4) is in progress. In addition, various other polymeric stationary phases which
have been useful as SAW sensor coatings are being examined. Once a regression
equation has been determined for a given phase, partition coefficients can be
predicted for any vapor whose solvatochromic parameters are known.

CONCLUSIONS

An equation has been derived which relates SAW vapor semsor frequency shifts
directly to partition coefficients. This equation has been validated by a comparison
and correlation of partition coefficients determined independently by SAW vapor
sensor responses and GLC measurements. This correlation also confirms reversible
sorption as the mechanism of vapor/coating interaction. Solubility properties such as
dipolarity and hydrogen bonding are indicated as important factors in determining the
extent of vapor sorption. The saturation vapor pressure of the solute vapor also
influences sorption. The direct relationship between SAW sensor response and
partition coefficients provides an avenue for estimating SAW sensor response from
measured GLC partition coefficients. Partition coefficients predicted from solute
vapor solvatochromic parameters and correlation equations characterizing the solvent
stationary phase are also expected to be useful for estimating SAW sensor responses.
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SYNTHESIS AND EVALUATION OF HEXAFLUORODIMETHYLCARBINOL
FUNCTIONALIZED POLYMERS AS SAW MICROSENSOR COATINGS

L. G. Sprague, A. W. Snowl, R. L. Sbulen, John Lint,
H. Wohltjen, D. S. Ballantine and J. W. Grate

ABSTRACT

Polystyrenes, polyacrylates and poly(3,4-isoprenes)
incorporating the hexafluorodimethylcarbinol functionality have
been synthesized, characterized and tested for '
dimethylmethylphosphonate, DMMP, vapor absorption sensitivity.
The syntheses involve monomer functionalization and
polymerization or hexafluorocacetone reaction with preformed
polymer. SAW microsensor testing (158 MHz) over a large DMMP
vapor concentration range demonstrated exceptional DMMP
sensitivity (up to 40% by weight absorption at P/Po of 0.80)
when compared with polystyrene and polyacrylate control
polymers. IR spectroscopic investigation of DMMP vapor
absorption indicates conversion of free hydroxyl groups to
hydrogen bonded groups, and the order of sensitivity increased

" with quantity of free hydroxyl relative to hydrogen bonded

hydroxyl in the fluoroalcohol polymer. Acylation of the
hydroxyl group and retesting further confirmed the
effectiveness of the hydrogen bonded interaction on DMMP
absorption sensitivity.

INTRODUCTION
Coatings for chemical microsensors with highly sensitive,

reversible and selective absorptions for particular vapors are
necessary for the successful development of electronic chemical

" microsensors. In this work, coatings which have a specific

interaction with g-agent simulants are being investigated using
a surface acoustic wave (SAW) device. The SAW device detects
extremely small gravimetric changes in a coating (i.e., vapor
absorption and desorption) by a shift in resonant frequency of
the piezoelectric substrate. Approaches to the design of
coating chemical structure involve selection and incorporation
of an appropriate’ functional group to serve as a vapor receptor
site and the thermodynamic considerations of solubility
interactions. Previous work from this laboratory has followed
the functional group approach with a model reactive polymer-
vapor poly(ethylene maleate)-cylopentadiene system?, a series
of amidoxime functionalized poly(butadiene-co-acrylonitrile)
cgatings3 and a comparative study of N-vinylimidazole and 4(5)-
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Figure 1. Structures of Fluorcalcohol and Control Polymers.
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7inylimidazole homepolymer coatings® while the solubility
interaction approach was studies with a series of poly(ethyiene
maleate) variant structures>. The current work is directed at
synthesis of fluoroalcohol polymer coatings and evaluation of
hydrogen bonding promoted absorption of phosphonate esters.

The hexafluorodimethyicarbinol functionzlity was first
incorporatad into copolymers to utilize the hydrogen bonding
capability for preparation of polymer blends by Pearce®.
Barlovw extended this concept to microsensor coatings using a
styrene-4-viaylhexafluorocumyl alcohol_copolymer on a
piezoelectric crystal for sensing DMMP’. To more closely
examine the structure-property relatiocnship of fluoroalcohol
polymers' absorption of DMMP vapor, we have synthesized,
characterized and tested a variety of homo and copolymers
incorporating the hexafluorodimethylcarbinol functionlality as
presented in Figure 1. The hydroxyl groups of two of the
fluoroalcohol polymers have been acylated to “emonstrate the
hydrogen bonding effect of thz hydroxyl group.

EXPERIMENTAL

All reagents ard solvents ware of reacant grade quality,
purchased commercially and used witho>ut further purification
unless otherwise noted. Elemental analysis was performed by
Schwartzkopf Microanalytical Lakori.cory. DMMP absorption
isotheyrms were determined by frequency response measurements of
158 MHz SAW devices coated with a 250 KHz fluorcalcohol polymer
film exposed to varying concentrations of DMMP. Measurements
were coriducted at Microsensor Systems, Inc. using a VG 7000
automated vapor delivery system with DMMP source bubbler
maintained at 15°C and SAW device at 25°C.

NRL Flucropolyol, FPOL. This material is a fluorocepoxy
prepolymer synthesized from hexafluorcacetone, benzene, propene
and epicholorochvdrin some years ago at NRL for coating
applications8.

Poly(4-vinylhexafluorocumyl alcohol), PSpfA.
4=-Bromostyr=ne (2.0 g, 0.011 mele) was dissolved in 2 ml THF
and added to magnesium (1.0 g, 0.04 g-atom) with stirring.
Upon initiation of the Grignard reagent, magnesium (5.0 g, 0.21
g-atom) was added followed by 4~chlorostyrene (33.1 g, 0.231
mole) and 48 ml THF. The resultant dark green solution was
stirred at room temrerature for 1 hr. Hexafluoroacetone
(42.8 g, 0.258 mole) was introduced, and the solution stirred
for 1 hr followed by pouring intec 100 ml 2N HCl to produce a
yellow oil. The’oil was separated, combined with two 80 ml
CHCl3 extracts, rotary evaporated, dissolved in 200 ml 10% w/v
NaOH, rotary evaporated, acidified with 200 ml 6N HC1,
separated, dried over Na;S0O4 and distilded in vacuo to yield
39.9 g (59%) with 99% GC purity. The monomer (5.01 g, 0.019
mole) was polymerized with AlBN initiator (0.131 g, 0.008 mole)
im 125 ml benzene at 6C°C to yield 4.08 g {80%) polymer.
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3-vin exafluorocum alcoho SmFA. This monomer
was prepared in a similar manner from 3~-bronostyrene (5.11 g,
0.028 mole). Mg (0.7 g, 0.029 g~atom) and 30 ml THF. Yield
3.90 g (52%). The monomer (3.44 g, 0.013 mole):was polymerized
with AlBN initiator (0.011 g, 0.0008 mole) in 10 ml benzene at
60°C to yield 2.23 g (65%) of filtered polymer.

Polv(2-vinylhexafluorocumyl algchol), PSoFA. This monomer
was prepared in a similar manner from 2-bromostyrene (1.55 g,
0.0C09 mole), Mg (0.22 g, 0.009 g-atom) and 8.5 ml THF. Yield
0.99 g (43%). The monomer (0.96 g, 0.0036 mole) was
pclymerized with Al1BN initiator (0.0032 g, 0.0003 mole) in 3.0
ml benzene at 60°C to yield 0.24 g (25%) product.

Polv(2-phenyl=-1.,1 S.3,3~-hexafluoroc-2-propyl acrvylate
PA. The corresponding monomer was prepared by reacting 61.0 g
2-hydroxy-2-phenyl-1,1,1,3,3,3-hexafluoropropane with 27.15 g
acryloyl chloride catalyzed by triethyl amine in 100 ml freon
113 at 5 to 15°C under nitrogen. After aqueous acid and base
extraction workup, the monomer was isclated by vacuum
distillation (50-5"°C/0.2mm) followed by alumina column
chromatography (freon 113 elution) and vacuum distillation (55
to 57°C/0.2mm) to yield 34.8g of 99.8% (GC) pure moncmer. A
1.15 ¢ quantity of monomer in 8 ml THF was polymerized in the
presence of 0.0024 g AIBN initiator at 60°C. The polymer was

isolated by precipitation in 500 ml 60/40 methanol/water and
vacuunm dried.

Polv[4-(1,1,1,3,3,3~-hexafluoro~-2-hydroxy~2-
propylliphenylene=-1,1,1,3,3,3-hexafluocre-2-propyl
acrylate],PAFA. The corresponding mononer was prepared by
reacting 5.00 g 1,4-bis(2-hydroxyhexafluoro-2-propyl)benzene
with 0.99 g acryloyl chloride catalyzed by 3.70 g triethyl
anine in 120 ml ether at 2 to 4°C. The reaction was worked up
by extracting with HCl and NaHCO3 and analyzed by GC to contain
45.2% diol, 37.7% monoacrylate and 19.9% diacrylate. The diol
was separated by sublimation (60°C/0.15 mm). The diacrylate
and monoacrylate were separated by silica column chromatography
with chlorofcrm elution and the monoacrylate sublimed (90°C/0.1
mm). A second silica column and sublimation purification
yielded monoacrylite monomer >99% pure by GC. A 0.28 g
quantity of this monomer in 2 ml THF was polymerized in the
presence of 0.00048, AIBN initiator at €0°C. The polymer was

isolated by precipitation in water and vacuuam dried to yield
0.1558 g.

Poly(3.4-isoprene) functionalized fluorjalcohols, PIPFA]
and PIPFA2. The precursor polymer, pcly(3,4-isoprene) was
prepared by Ziegler-Nata polymerization by a modified procedure
of Nattal0, The catalyst was prepared by inert atmosphere
addition of 0.25 ml titaniumn tetrapropoxide followed by 0.75 ml
triethyl aluminum to 50 ml toluene. After aging for 15 min, 15
ml freshly distill~d isoprene was added, and the polymerization
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conducted at 23°C for 10 hr. The polymer was isoclated by
precipitation into 300 ml methanol acidified with 0.5 ml HCl
and vacuum dried to yield 1.32 g. PIPFAl was prepared by
reacting 0.50 g PIP with 7.73 g hexafluoroacetone in 3 nl
benzene in a smal) Fisher-Porter tube at 120°C for 12 hr. On
cooling the polymer precipitated from solution and was purified
by dissolution in methanol and precipitation in ether followed
by vacuum drying to yield 0.93 g. Analysis: found C,44.32;
H,3.93; calc. for CgHg(C3Fg0)p,.g0 C,44.22; H,3.98. PIPFA2 was
prepared by reacting 0.25 g PIP with 0.36 g hexafluorocacetone
in 3 ml benzene in a small Fisher-Porter tube at 100°C for 12
hr. The reaction mixture was evaporated to dryness, product
dissclved in methanol, precipitated into water and vactum dried
to yield 0.39 g. Analysis: found C,53.45; H,5.48; calc. for
CsHg (C3Fg0)p.46 €,53.04; H,5.54.

Acylation of FPOL and PSpFA. A 0.65 g quantity of FPOL
was reacted with 0.57 g acetylchloride catalyzed by 0.73 g
triethyl amine in 10 ml chloroform at 20°C for 1 hr. The
reaction mixture was extracted with 5% HCl and water, dried
over NasS0O4, filtered, evaporated to dryness and vacuunm dried
to yield 0.67 g. A 0.32 g quantity of PSpFA was reacted with
0.47 g acetylchloride catalyzed by 0.60 g triethyl amine in 10
ml THF at 20°C for 3 hr. The reaction was worked up vy
filtering drying over Na;SO4. An IR spectrum indicated only a
partial acylation had been accomplished, and the product was
cycled through the acylation reaction two more times to yield
0.22 g product with a greater than 90% acylation.

RESULTS AND DISCUSSION

The initial report of a fluoroalcohol polymer as a highly
sensitive phosphonate ester vapor absorbing coating was that of
Barlow in 1984/. In that particular copolymer of styrene and
4-vinyl hexafluorocumyl alcohol, the trifluoromethyl groups
would be expected to enhance the hydroxyl hydrogen bond acidity
and phosphonate ester absorption. At that time and inspired by
that report, we tested a fluoroepoxy prepolymer which was
available at NRL from previous aircraft coatings workS8.
Although this material does not have trifluoromethyl groups
positioned alpha to the hydroxyl sites (see Figure 1), it
pussesses exceptional phosphonate ester sensitivity and good
coating mechanical properties. This polymer is referred to as
FPOL and has been studied as a SAW vapor sensor coatinglz.

A recent Workshop on Coatings for Microsensors recommended
that the homopolymer of styrene with a hexafluorocdimethyl-
carbinol group in the para position, PSpFA, be synthesized with
the objective of having adequate quantity of this structurally
well-defined coating available for extensive characterization,
testing and cooperative work with other, laboratories. For
comparative purposes, synthesis of the meta, PSmFA, and ortho,
PSoFA, substituted isomers was also undertaken. PSpFA was
prepared from the monomer which was synthesized from p-chloro-
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styrene by a method similar to that reported by Pearce®. PSmFA
and PSoFA were analogously prepared by reaction of the
corresponding Grignard reagents and hexafluoroacetone followed
by radical polymerization. In our hands the ortho isomer

polymerized poorly and only a trivial amount of polymer was
available for study.

- o
Mg AIBN
camammtamansm——p—— —————p—
+ CF:‘)LC"; THF
c . CF3
CF.
3on 3 O

A polyacrylate fluorocalcohel, PAFA, and polyacrylate
control, PA, were synthesized as comparative analogues with the
polystyrene series. The issue of interest here is the effect
of a basic carbonyl site incorporated into the polymer
structure. PA and PAFA were synthesized by *he following

reactions.
o o]
CF. CF
3 TEA 3 AIBN
AP+ e L ST
cry CRy oo
cr, CFy—t~CF,
|
X = -H, —~C-OM '
]
CF.
3 x

A third approach is directed at incorporation of the

_hexafluorodimethylcarbinol group into an isoprene rubber which

complements prev.ious observations that rubbery coatings have
higher absorption capacity for vapors. The poly(3,4-isoprene
fluoroalcohols), PIPFAl and PIPFA2, were synthesized by
reacting poly(3,4-isoprene) with hexafluoroacetone presuning
similar chemistry to occur as reported by Urryll for the
reaction of perfluoroketones with terminal olefins. Multiple

addition of hexafluoroacetone to the 3,4-isoprene repeat unit
is possible.

)
o
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Two polymers were prepared: ~ne with a high ratio of
hexafluoroacetone to isoprene, PIPFAl, and one with a low
ratio, PIPFA2. .

DMMP vapor absorption isotherms were determined by
depositing a thin £film of polymer on a 158 MHz SAW device and
measuring the frequency shift with varying DMMP vapor
concentration up to 80% saturation at 25°C. This data for the
polystyrene and polyacrylate series is presented in Figure 2.
The SAW frequency shift may also be expressed as a weight
percent of absorbed DMMP by dividing by the trequency shift
caused by the film deposition mass. Typically, for strong 100
KHz DMMP shifts the corresponding weight percent of absorbed
DMMP is 40%. The large enhancement resulting from
incorporating the hexafluorodimethylcarbinol group in the
polymer matrices is observed by comparison of the PS and PA
controls with the corresponding fluoroalcohol polymers.

For the polystyrene series, the order of DMMP sensitivity (meta
> para > ortho) is Earalleled by the intensity of free hydroxyl
IR band at 360C cm™* (Figure 3). This observation indicates
that a free hydroxyl is a stronger DMMP receptcr site than one
hydrogen bonded within the polymer matrix. Data for the
polyisoprene fluoroalcohels is comparable in sensitivity to the

polystyrene and polyacrylate fluoroalcchols but displays an
isotherm crossover (Figure 4).

To further illustrate the effect of the fluoroalcohol
group on DMMP absurption, FPOL and PSpFA were acylated and
retested for DMMP absorption. The SAW isotherm data is
presented in Figure 5. The effect of converting the hydroxyl
to an acetate group is a marked lowering of the DMMP absorption
particularly at the low concentration end of the isotherm as
illustrated by the enormous difference in slopes. This is very
important for detection applications directed at high
sensitivities. The higher sensitivity of PSpFA may be an
effect of a higher hydroxyl group density and stronger acidity
although PSpFA is glassy while FPOL is rubbery.

_ .The infrared spectra of FPOL and PSpFA, their acylatedl
adducts and their DMMP vapor absorption provides additional
molecular insight (Figures 6 and 7). As might be expected from
steric considerations, the free hydroxyl content as indicated
by the 3600 em~! band is substantially greater for PSpFA than
for FPOL. However, the acylation reaction was nearly
gquantitative for FPOL and only approached 90% after 3 acylation
cycles for PSpFA as indicated by the residual hyudroxyl band at
3400 cm~1, The 1760 cm™1 carponyl band of the acyl group is
also prominent. When DMMP vapor is absorbed by FPOL or PSpFA,
the free hydroxyl disappears and the hydrogen bonded hydroxyl
band shifts from 3390 to 3370 cm™} and from two bands at 3430
and 3200 to one at 3110 cm~l, respectively.” The most prominent
DMMP band is at- 1040 cm™l as indicated by an arrow. When the

-
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acylated analogues are exposed to DMMP vapor, absorption is
less as indicated by the intensity of the 1040 cm~! band which
is consistent with the SAW result above.

CONCLUSION

The hexafluorodimethylcarbinol group is a potent receptor
site for DMMP. The polymer matrix to which it is attached does
not strongly affect the DMMP absorption sensitivity as
demonstrated by the polystyrene, polyacryldte and polyisoprene
fluorocalcohol ssries. -However, the free hydroxyl content
should be maximized for highest sensitivity.
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Optical Waveguide Humidity Detector

David S. Ballantine®
Geo-Centers, Inc., Suitland, Maryland 20746

Hank Wohltjen

Microsensor Systems, Inc., P.O. Box 90, Fairfax, Virginia 22030

The relative humidity of ambient air can have a significant
impact on many physical and chemical processes of industrial
interest (I-5). As a result, research toward the development
of sensitive and reliable humidity sensors has increased.
Current developments have centered around either electronic
devices (e.g., moisture-sensitive resistors, capacitors, or con-
ductive cells), or colorimetric devices. The electronic sensors
exhibit sensitivity to temperature as well as humidity, whereas
colorimetric reagents, such as metal salts of Co**, Cu?®*, or V**,
are highly selective for moisture with little or no temperature
dependence. These colorimetric reagents are usually sus-
pended in gels or in adsorbent paper. The extent of hydration
is determined by visual inspections, which are highly subjective
and nonquantitative.

The use of colorimetric reagents coated on an optical
waveguids has been demonstrated (6). Such devices have the
advantage of higher sensitivity and quantitative precision
compared to visual methods. The use of an optical fiber sensor
for humidity measurements has been described by Russell and
Fletcher-(7): They employed a cobalt chloride/gelatin film
on a silica o,..ical fiber as the humidity probe. These probes
were attached to an optical system consisting of a visible light
monochromator and a photodetector. While this system was
useful in demonstrating the applicability of optical devices
as humidity sensors, it is not practical for field applications.

In this work we describe an optical waveguide humidity
sensor that also uses a cobalt chloride/polymer film. It utilizes
small, inexpensive optical components that enhance the
practical nature of the device for use in the field, or for other
applications requiring a portable detector. Experimental
results and response characteristica are presented, and possible
improvements of the devices are discussed.

THEORY

The optical waveguids is rélated to internal reflection

spectroscopy; which has been described in detail by Harrick
(8). It takes advantage of the fact that light will propagate
through & medium (i.e., a glass rod or optical fiber) by internal
rellectirn. The lightwave can interact with a second material

which is in contact with the reflecting surface of this medium.
The degree of interaction is related to the angle and wave-
length of ' : incident light and the refractive indexes of the
two medis

If the refractive indexes of the waveguide and the coating
material are nearly equal, then the lightwave is not reflected
at the glass/film interface, but travels unimpeded into the
film (see Figure 1). The lightwave would then be reflected
at the film/air interface. If light is absorbed as it passes
through the film, then the waveguide can be used for spec-
troscopic analyses. The more reflections that occur, the greater
the degree of interaction of the lightwave with the film. The
sensitivity of the device is thus a function of the length and
thickness of the waveguide.

EXPERIMENTAL SECTION

A. Device Compenents. The waveguide humidity detector
consists of an optical waveguide coated with a reagent/polymer
film, a light source, 8 photodetector, and an associated electronics
package.

The light sources used in this study were light emitting diodes
(LEDs). They are relatively inexpensive, and commercially
available in four spectral ranges (red, orange, yellow, green).
Phototransistors wers used as photodetactors. Like the LEDs,
they are suitable for use in & small device, are relatively inex-
pensive, and commercially available. The spectral response of
the phototransistors used in this study drops off dramatically
below 600 nm, s0 only the red (660 nm) and orange (635 nm) LEDs
were used as light ssurces.

The waveguide comsisted of a thin-walled glass capillary tube
{~1.0 mm o.d. X 30 mm Jong; 0.2 mm thick wall). One end of
these capillary tubes was rounded off, which aided in focusing

‘the tranamitted light onto the phototransistor. Clear plastic rods

were used to optical couplers that were bored to
accommodste the individual components (see Figure 2). ' These
couplers held the optical components in a rigid, reproducible
geometry which eliminsted the nesd to strictly control the
wavelength or angle of incident light. In addition, thess couplers
enhanced the transmission of light from the LED to the wave-
guide, and from the waveguide to the phototransistor. Cells to
hold the waveguide were fashioned out of plastic rods that were
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Figure 3. Systern dagram for the optical waveguide hurnidity detector.

bored to hold the optical components. These cells have a very
small dead volume and were painted black to prevent the in-
troduction of stray light.

The electronics package (Figure 3) consists of a modulated LED
power source #-. i signal processor which amplifies, demodulates
and filters the phototransistor voltage. A 3-Hz RC timed, astable
m- . ..brator circuit is used to puise modulate the LED. Mod-
ulation of the light source is essential for reducing the effects of
temperature drift in the phototransistor dark current. Without
modulation, small variations in phototransistor temperature would
produce unacceptable variations in the base line signal. The
phototransistor signal was amplified by using an ac coupled op-
amp and fed into an absolute value circuit and low pass filter
which provided a dc voltage level proportional to the intensity
of light striking the phototransistor. Small variations in light
intensity produced by changes in the waveguide coating char-
acteristics produced very easily measured changes in the output
voltage of the electronics system. The system also was equipped
with offset and gain controls to permit output signal adjustment
to 0% and 100% transmittance conditions.

B. Reagent Films. The colorimetric reagent selected for
testing with this device was CoCl;6H,0. The anhydrous salt
(CoCl,) is blue and exhibits a strong absorption peak between
600 and 750 nm. When hydrated, the absorption peak shifts to
500 nm, characteristic of the CoCl,-6H,0 complex. This bekavior
is completely reversible and is well suited for probing with LEDs
that produce 635660 nm wavelengths of light.

Since the anhydrous cobalt chloride is a crystalline salt that
does not readily adhere to the surface of the waveguide, it was
suspended and immobilized in a poly(vinylpyrrolidone) (PVP)
film. The PVP film has a refractive index of 1.53 (9), which is
slightly greater than that of ths soda lime glass waveguide (np
= 1.49). Under these conditions, light would travel unimpeded
through the glass/film interface and be reflected at the film/air
interface. In addition, PVP is optically transparent in the
wavelength region used for this study.

We were interested in determining the effect of various film

- parameters on the device response. For this reason, solutions were

prepared in acetone /H,0 that contained varying concentrations
of CoCl6H,0 (from 30 mg/nL to 230 mg/mL). Known weights
of poly(vinylpyrrolidone) (PVP) were then added to these solutions
to produce solutions containing 0.75~3.0% (w/w) of PVP. In
sddition, solutions of just CoCly6H,0 and just PVP were prepared
to examine the effect of each component on the overall response.

Prior. to coating with reagent/polymer films, the waveguides
were etched for 5 min in a buffered, diluts HF solution. Reagent

Table 1. Film Reagent Concentrations and Reponne
Charsactericiics

film [CoCl-6H, 01, % PVP 100% T, teaponse time,

label mg/mbL (w/w) mV s
AB 1 133 2.0 1900 57
AB2 161 1.5 1200 51
AB 4 168 0.75 850 4
ABS 67 1.0 825 49
AB 6 230 0.86 1210 70
AB 10 100 1.0 1250 52
AB 12 100 1.0 1720 7
AB 17 200° 1.5 3560 170
AB18 - 200 1.5 2450 88
DIP1 30 1.0 2430 66
DIP 10 120 1.0 1710 52

*Thick. *Tain.

films were then applied using one of two different methods.

The first method involved dip-coating the waveguides by im-
mersing them in a solution and slowly withdrawing them. As the
solvent was evaporated with a heat gun, a light blue film of
CoCl,/PVP was deposited on the surface of the waveguides. The
second method involved using an air brush to spray a light mist
of reagent/solvent on the waveguide surface, which was then dried
using a heat gun. The films produced by dip coating were thicker,
and contained areas of high CoCl, concentrations, indicated by
spota of darker blue color. Air brush films were generally thinner
and more evenly distributed. Waveguides coated with these films
were exposed to varying concentrations of water vapor at 22 *C.
Ths introduction of water vapor to the cell, and the acquisition
of response data were controlled by the computer system described
below.

C. Analytical System. A gas handling system was designed
and constructed to control the introduction of vapor and/or
diluting air to the sensor. Flow rates of water-saturated air and
dry air were controlled with variable rotameters. Introduction
of clean, dry air or water-saturated air to the sensor was controlled
by solenoid valves which had been interfaced to an Apple Ile
microcomputer via the I/O game-controller. The percent relative
humidity of water-saturated air was assumed to be ~95% when
calculating the relative humidity of diluted vapor streams.

Voltage data from the phototransistor were collected by the
Apple II via an A/D converter card. Voltags va. time data were
plotted by using our own data acquisition program.

Before data were collected, & waveguids was inserted into the
holder assembly, the LED was turned off, and the zero adjust-
ments were made. The LED was then turned on, and the null
adjustment was used to produce an output voltage just greater
than 0 V. The device was then ready for testing.

RESULTS AND DISCUSSION

Response characteristics and film properties are listed in
Table I. Individual films are identified as air-brushed films
(AB) or dipped films (DIP). Examples of typical humidity
reponse curves are given in Figure 4. In general, the response
follows an S-shaped curve, with percent transmission in-
creasing rapidly in the range of 60-85% relative humidity
(RH), and then gradually leveling off as 100% RH is ap-
proached. This behavior holds true for all CoCl,/PVP films.

Films of PVP alone exhibited no significant response to
water vapor. It appears that the polymer film serves two
purposes; first, it acts as a binder to ensure long life and good
contact between the reagent film and the waveguide surfaces,
and second, it acts as a protective, semipermeable membrane
to regulate the introduction of water vapor to reagent. Films
containing CoCl, alone exhibited poor adherencs to the
waveguide surface. Signal losses were noted, which may be
the result of light scattering off CoCl, crystals.

To determine the eifect of film variables on response, re-
sponse times were determined for each filmi and are sum-
marized in Table I." These response times represent the time
required for the device response to level off at & maximum
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Figuwre 4. Thess S-shaped curves are typical of the waveguide device
rasponse (AmV) vs. percent relative humidity (% RH). (a) Films pre-
pared from sokstions of 100 mg/mlL CoCl, and 1.0% PVP. Curves are
for the following films: (1) DIP 10; (2) AB 12; (3) AB 10. (b) Fims
prepared from sokstions of 200 mg/mi CoCly and 1.5% PVP. Curves
are for the following fima: (1) AB 17; (2) AB 18.

value upon exposure to an air stream of 95% RH. The two
variables examained were {ilm thickness and cobalt chloride
concentration.

To determine the effects of film thickness, response times
for films prepared from the ssme solution were compared.
Figure 4a shows response curves for thrse (3) films prepared
from a solution 100 mg/mL of cobalt chloride and 1.0% (w/w)
of PVP. Figure 4b shows response curves for two films pre-
pared from a solution of 200 mg/mL cobalt chloride and 1.5%
PVP. It is worth noting that while the maximum signals vary,
the relative shapes of these curves are very similar.

Since the films in each case were prepared from the same
respective solutions, any difference in response times should
be due to difference in film thickness. A qualitative assess-
ment of relative film thicknesses can be made by comparing
maximum signals (100% T); thicker film containing more
CoCl, would exhibit a larger difference between 0% and 100%

—“
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For the three films represented in Figure 4a, no appreciable
difference in response times is observed, even though the
maximum signals differ by 30%. For the films represented
in Figure 4, however, there is un obvious increase in response
time with film thickness. The data also indicate some de-
pendence of response time on CoCl, concentration for some
filmna but this effect in not an atrongly indiented aa the effect
of film thickness.

The dependence of response time on film thickness is
readily explained, in that it takes longer for a thick film to
become saturated and reach equilibrium with water vapor than
for a thin film. For filws with high concentrations of cobalt
chloride, it is possible that microcrystals of the metal salt have
formed within the film. Such microcrystals may be responsible
for the increased response times observed for some films
containing high concentrations of CoCl,.

CONCLUSIONS

The waveguide bumidity sensor presented here exhibits very
good sensitivity in the range of 60-95% RH. The general
. response data follow an S-shaped curve, and are comparable
to the results obtained by Russell and Fletcher. Our results
indicate that the portable, inexpensive device described here
can be used to obtain reliable humidity measurements.
Before the device can be utilized as a throw-away device,
better agreement between individual waveguides is necessary.
This involves applying uniform, reproducible films on indi-
vidual capillary waveguidss. The device could then be de-
veloped as is for use in specific cases where the desired hu-
midity levels are within the range of good response.
Further development of the reagent/polymer film may
extend the region of reliable response of the present devize.
Such film development could include the use of polymer/
copolymer films of different hygroscopicity (e.g., poly(vinyl
alcohol) (PVA) oe poly(styrenesulfonic scid) (PSSA), or
combinations of different metal salts as reagents.
In addition, some form of temperature monitoring or control
would be desirable to facilitate conversioas from parts per
million (H,0) to percent relative huinidity and vice versa.
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Mixed mono- and multilayer L-B films of tetrakis(cumylphenoxy)phthalocyanine compounds and stearyl
alcohol were transferred to a dual 52-MHz surface acoustic wave (SAW) device for simultaneous measurement
of the electrical conductivity and mass changes caused by doping with iodine vapor. The conductivity
increased by 4 orders ir: magnitude, and a complex formation stoichiometry of two to four iodine atoms
per phthalocyanine ring was measured. Variation of the complexed central metal ion, which included cobalt,
nickel, copper, zinc, palladium, and platinum as well as hydrogen, had very little effect on either the
magnitude of the conductivity increase or the complex stoichiometry. The measured conductivity increased
with increasing film thickness but approached a constant value when the film became thicker than the
planar interdigital microelectrode. The quantity of iodine a phthalocyanine film may absorb is dependent
on the {ilm morphology, while the magnitude of the conductivity increase is nearly independent of the

morphology.

Introduction

‘Thin films of phthalocyanine compounds, in general, and
those prepared by the Langmuir-Blodgett (L~-B) method,
in particular, display .xovel electrical properties.! The L-B
technique for depositing mono- and multilayer coatings
with well-controlled thickness and morphology offers ex-
cellent compatibility with microelectronic technology.
Such films have recently been reviewed for their potential

(1) Baker, S. Pn dings of International Syumposium on “uture
Electron Devices; Bioel ic and Molecular Electronic Devices, Tokyo,
Nov, 1985; pp 53-58.

applications.? The combination of L-B supramolecular
films with small dintensionally comparable microelectronic
substrates affords new opportunities for generation of
fundamental chemical property information and evaluation

of new organic thin film semiconductors as microelectronic.

components. In this work an interdigital microelectrode
array and sut{ace ncoustic wave (SAW) device are used in
combination to obtain electrical conductivity and piezoe-
lectric mass measuremerts on the iodine doping of met-
al-substituted and metal-free phthalocyanine-stearyl al-

(2) Roberts, G. G. Sens. Actuators 1983, ¢, 131,

0743-7463/86/2402-0513501.50/0 © 1986 American Chemical Society
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cohol mixed mono- and multilayer L-B 7ilms. The
phthalocyanine~iodine doping combination represents a
model system for studying the electrical response of
thin-film orpanic semiconductors to vapora since this
svatem has been intensively studied by using bulk poly-
crystalline and single-crystal samples.> The phthalo-
cyanine-iodine complex formation is accompanied by a
large increase in electrical conductivity. The issues of
interest in the current experimental work invoiving ex-
posurs of a L-B film composed of a peripherally substi-
tuted phthalocyanine compound to iodine vapor are (1)
magnitude of the conductivity change, (2) phthalocyanine
ring/iodine stoichiometry, (3) capability of making both
the conductivity and mass measurements simultaneously
on the same film, (4) dependence of measured responses
on the complexzd central metal ion, (5) dependence of
measured responses on L-B film thickness (number of
monolayers) and comparison with the planar interdigital
electrode thickness, and (6) effect of morphological vari-
ation by comparison of the L-B film with a fused L~B film
and a “sprayed on" film.

Previous work has shown that the tetrakis(cumylphen-
oxy)-substituted phthalocyanine compounds used in this
work (see Figure 1) exist as oligomeric cofacially oriented
aggregates in solution and form L-B films with the ag-
gregate size and force-area curves that depended on the
phthalncyanine-complexed metal ion.' As mixed mono-
layers with stearyl alcohol, multilayer L-B films of these
compounds have been transferred to interdigital microe-
lectrodes and investigated as a chemiresistor system for
parts per million level detection of trace concentrations
of ammonia.® The morphology of these films has been
studied by using resonance Raman,$ copper ESR anisot-
ropy.’ and force-area solvent dependence® characterization.
At other laboratories, L~B films of phthalocyanine com-
pounds with different peripheral substituents have been
reported with interest directed at beth film morphology®
and device applications.>!°

'Experimenul Section

Metal-free, copper, zinc, platinum, palladium, cobalt, and nickel
tetrakis(cumylphenoxy)phthalocyanines were synthesized and
purified as described previously.¢ Stearyl alcohol, (1-octadecanol,
99.5%, LaChat) and chloroform (reagent grade, Fisher) were used
as received. Monolayer spreading solutions with a 1:1 molar ratio
of phthalocyanine /stearyl alcohol were prepared at a concentration
4 X 107* M in chloroform. :

Film pressure vs. ares isotherm measurements and film de-
positions on electrodes were carrid out in & constant temperaturs
(25 *C) room using a computer-controlled thermoststed Langmuir
trough designed and constructed in our laboratory. The 14 ecm
wide X 82.5 cm long X 3 mm deep paraffin-coated trough with

(3) Merks, T. J.: Kalina, D. W, In Exstended Linecr Chain Com.
{;;m:; Miller, J. S., Ed.; Plenum Press: New York, 1982; Vol. 1, pp

-331. :

(4) Snow, A. W.; Jarvis, N. L. J. Am. Chem. Soc. 1984, 106, 4706.

(5) Wohitjen, H.; Barger, W. R.; Snow, A. W_; Jarvis, N. L. JEEE
Trans. Electron Devices 1985, ED-32, 1170.

(6) DiLalla, D. P.; Barger, W. R.; Snow, A. W.; Smardzewski, R. R.
Second International Conference on Langmuir-Blodgett Films; Sche-
nectady, NY, 1985; Thin Solid Films 1936, 132, 207.

(7) Pace, M. D.; Snow, A. W.; Barger, W. R. 27th Rocky Mountain
Conference, 8th, Int. EPR Symposium, Denver, July, 1985.

(8) Barger, W. R.: Snow, A_ W Wohltjen, H.; Jarvis, N. L. Second
"'nternational Conference on Langmuir-Slodgett Films, Schenectady,
NY, 1988; Thin Solid Films 1986, 133.197. .

(9) {s) Kovacs, G. J.; Vinestt, P. S.: Sharp, J. H. Can. J. Phys. 1988,
63, 348. (b) Fryer, J. R; Hann, R. A_; Eyves, B. L. Nature' (London) 1985,
313, 382, (c) Baker, S Petty, M. C.; Roberta, G. G.; Twigg, M. V. Thin
Solid Films 1983,99, 53. *

{10) (s) Baker, S.; Roberts, G. G_; Patty, M. C. Proc. JEEE 1983, 130,
260. (b) Betay, G.; Petty, M. C.; Roberts, G. G.; Wight, D. R. Electron.
Lete. 1984, 20, ¢89.
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2 6.0 cm diameter, 7.5 cn deep well near o: « end was interfaced
to an Apple I11-E microcemputer which reac surface tension from
8 Gould UC-2 strain geuge catrying o 1.7 cm wide platinum fcil
Wilhelmy piate. Motoes for eontrolling the bar to put pressure
on the film und fur dippmg the device being coated were controlled
by the microcouputer. A simplified illustration of this apparatus
using a trough of slightly different dimensions is described in ref
5, and more detail on the present configuration trough is reported
in ref 8. Water, triply distilled with the last two distillations from
an all-quartz still, was weed #8 the subphase. Film-transfer op-
erations began with the sebetrate subme:ged. The device being
coated was allowed to dry in air for 5 min afte: each down-up
cycle. The dipping velacity was 4.2 X 10~ m/s.

The device used to perform the measurements reported in this
study is a dus® 52-MHsz surface scoustic wave device (Microsensor
Systems, Inc.). This device consists of a piezoelectric quartz (ST
cut) slab measuring 1.5 X 2.5 cmn on which four interdizital mi-
croelectrodes have bees fabricated by using optical lithography
(see Figure 3). The electrodes were fabricated from gold deposited
on a thin layer of titanims to provide adhesion to the quartz. Each
electrode consists of 50 fisger pairs with the following dimensions:
spacing, 15 um; finger width, 15 um; overlap length 4800 um;
center-to-center spacing of transmitter-receiver electrode pair,
1 cm; electrode thickness, 760 A (measured by Nomarski phase
contrast microscopy). After removing the residual photoresist
by washing with acetone, the device was dipped in a chromic acid
cleaning solution for 2 min and rinsed with distilled water, acetone,
and chloroform. Immedistely before transfer of the films, the
devices were cleanad by Soxhlet extraction with chioroform.

After it was coated with & multilayer film, the device was
raounted in a machined Delrin housing in which provision had
been made for metal psessure clip connection to the electrodes
as well as for passage of regulated guantities of iodine vapor
through entrance and eshaust ports directly above the device (see
Figure 4). The SAW frequency measurement was performed by
connecting s pair of isterdigital transducers on one side of the
device to a wide-band if smplifier. The resulting circuit oscillated
at a resonant frequency determined by the interdigital electrode
spacing and the Rayleigh wave velocity. The resonant frequency
was monitored by using a digital frequency counter (Fluke Model
1910A). See ref 11 for sdditional SAW frequency measurement
detail. The conductivity measurement was made by application
of s 1-V biss to either of the two remaining electrodes and
measurement of the cureent using a precision current to voltage
converter consisting of am operational amplifier (Analog Devices
#515) and a switch selectable feedback resistor.

The mechanism of the SAW frequency measuremnent and its
porportionality to mass on the substrats surface have been dis-
cussed elsewhere.!! Brielly described, a radio-frequency (rf)
voltage is applied to the transmitter electrode of the transmit-
ter-receiver intardigital electrode pair to generate a mechanical
Rayleigh surface wave ea the piezoelectric quartz substrate. This
wave propagates across the surface to the receiver electrode and
is converted back into sm of voltage. Connection of this electrode
pair through a rf amplifier makes the devics cscillats at s resonant
frequency determined by the interdigital electrode spacing and
the Rayleigh wave velocity. Coating th: device with a thin film
causes a substantial reduction of the Rayleigh wave velocity and
& corresponding decreas in the resonant frequency of the device.
Vapor absorption further alters the mass and mechanical prop-
erties of the coating themby producing sasily measured frequency
shifts. For most orgesic films, the modulus is small, and the
mechanical property contribution to the frequency shift is neg-
ligible, leaving the frequeccy shift proportional to the mass change.
This measurement assames the conductivity of the film is too low
to electrically short the electrodes or ccuple with the electrie field
of the propsgating Rayleigh wave.

‘The conductivity messurement has been described more ex-
tensively elsewhere.® The important festures are an ohmic contact
with the film and ‘an electrode spacing and a geometry to facilitate
measurement of very few conductances. The gold electrode
material satisfies the chmic contact requirement. Current-voltage
plots for the phthalocyenine L.-B films of this study were linear
over a %1-V rangs saslegous to that reported previously for a
copper (cumylp ine/stearyl alcohol 45-layer
film? The sensitivity of the conductivity measurement is en-
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Figure 1. Molecular structure of tetrakis(cumyulphenoxy)-
phthalocyanine compounds. The cumyulphenoxy substitution
is at either the 2- or 3-position of each Lingo ring in the
phthalocyanine compound.

hanced by the interdigital clectrode’s large perimeter and smail
electrode spacing. To normalize the measured conductance to
a bulk conductivity, the conductance is divided by the ra‘io of
the cross-sectional area (determined by the number of electrode
“fingers”, the overlap length and either the electrode thickr ess
or the L~B film thickness whichever is smalier) to the electrode
separation distance.

A simple iodine-generating apparatus was constructed from
a 1-L flask (in which iodine crystals satursted the atmosphere),

, nitrogen source, flow meter, and regulating ~eedle valve (see Figure

4). The nitrogen flow rate was set at 20 mL/min. The rate of
iodine delivery under these conditions was 0.3 mg/200 s as
measured colorimetrically (A, = 516 nm, log « = 2.96) by trapping
the iodine vapor in carbon tetrachloride for several 200-s intervals.
An iodine exposure experiment consisted of initially bypassing
the iodine reservoir flask for the first 100 s to estaolish conductivity
and SAW frequency measurement base lines. This was followed
by diversion of the nitrogen flow through the iodine reservoir for
2400 s to obtain exposure data followed by a second bypassing
of the iodine reservoir to obtain desorption data. Conductivity
and SAW frequency measurements were simultaneously recorded
at either 50- or 100-s intervals depending on the rate of change.
The iodine desorption was allowed to continue overnight. The
SAW frequeacy change attributable to the L~B film was then
measured by removing the top of the device housing, recording
the frequency, and, then, very carefully removing the L-B film
from the active area of the SAW device (area including and
between transmitter and recriver electrode pais) with a chloroform
wetted cotton-tipped swab until a constant value was obtained.

The differential scanning calorimetry thermograms were ob-
tained using a Perkin-Elmer 7 Series thermal analysis system.
Samples were prepared by transferring a metal-free phthalo-
cyanine/stearyl alcohol film (183 layers) onto six covers of ulu-
minrum DSC sample pans (6.5-mm diameter) which corresponds
to a total transferred mass of about 0.2 mg. The six coated covers
were stacked in a sample pan and run against an uncoated blank
over a temperature range 25-100 *C in a nitrogen atmosphere
at a hesting rate of 10 *C/min.

A “sprayed on” metal-free phthalocyanine-steary! alcohol film
was applied to a 52-MHz, dual SAW device using a Badger air
brush (Model 209) and an phthalocyanine—stearyl alcohol (1:1
mol ratio) solution in chloroform. The device was positioned about
8 in. from the air brush nozzle, and the film was sprayed on using
the finest spray setting with 1-s passes until a film of comparable
appearance to the 45-layer L~B {ilm was sbtained.

Results and Dioéunion

Preparation and Transfer of Phthalocyanine L-B
Films. Synthesis and purification of the phthalocyanine
compounds (see Figure 1 for structures) and their mono-
layer formation have been reported elsewhere.* As pure
one-component monolayers, films of these compounds do

no. transfer with good uniformity or deposition ratios.
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Figure 2. Force-area diagram of a 1:1 copper tetrakiscumyl-
phenoxy)chthalocyanine/stearyl sicchol mixed monolayer.

Figure 3. Dual 52-MHz SAW device used for simultaneous mass
and conductivity measurements on L-B films.

Subsequent work has shown that addition of stearyl al-
cohol improves the transfer characteristics without ad-
versely affecting the electrical properties.®?

In this work films were prepared as 1/1 molar mixtures
of phthalocyanine/stearyl alcohol and transferred a. film
pressures of 20 mN/m to quartz (with gold interdigital
electrodes deposited for conductivity and SAW n.easure-
ments) and aluminum substrates (for differential scanning
calorimetry (DSC) measurements) with good deposition
ratios (e.g., between 0.8 and 1). The force—area diagram
of a copper phthalocyanis.e~stearyl alcohol mixed mono-
layer is presented in Figure 2 as a typical example. The
analysis of the force—area diagrams has been presented
elsewhere.? In contrast to a facile transfer of the mixed
phthalocyanine-stearyl alcohol films, attempts to transfer
pure stearyl alcohol films for control experiments were
frustrated by poor deposition ratios (e.g., 0.3). Varying the
film-transfer pressure or making the subphase strongly
alkaline (pH of 11) did not improve this deposition ratio.
Consequently, the quality of the transferred pure stearyl
alcohol films is not equivalent to that of the mixed films.
This difference in behavior is not understood at this time.

Dual Conductivity and SAW Frequency Measure-
ments. Simultaneous measurements of phthalocyanine
L-B film conductivity and mass changes during iodine
dcping were made using a dual 52-MHz SAW device. This
device consists of two pairs of interdigital microelectrodes
deposited on a piezoelectric quartz surface (see Figure 3).
One pair of the electrodes is used for the SAW frequency
(L-B film mass) measurement, and either of the rernaining
two is used for the conductivity measurements. Use of a

SAW device to measure coating mass and changes in
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Figure 4. Schematic reprmn-ﬁtic;n. of apparatus used for the
iodine-doping experiment.

coating mais has been discussed in detail elsewhere!! and
is briefly summarized in the Experimental Section. The
important f:ature is the proportionality between the SAW
frequency shit end coating mass. In this wor¥_ this re-
lationship is demonstrated by the linear depeindence of the
SAW frequency shift on the number of monol. yers in the
L-B coating filra (see Figure 7). The microelectrode
conductivity measurement has been desczibed more ex-
tensively elsewhere® but is also triefly summarized in the
Experimental Section. Ita important features are an ohmic
contact with the film and aa electrode spacing and geom-
etry to fa-ilitate measurement of very low conduciances
at low (1 V) bias volt_ges.
Combination of the conductivity and SAW frequency
measurements into a single device for simultaneous mea-
surements on the same coating is a new sensing technique.
l Further, SAW frequen..' measurements on L-B films have
nnt been previously reported. The phthalocyanine L-B
film-iodine vapor doping system is a particularly good
system for testing the measurement technique i : that the
chemistry of ciosely related phthalocyanine~iodine bulk
systems is bring intensively investigated,? and the mag-
nitude of signals, i.e., a large conductivity change due to
‘ iodine doping (as extrapolated from bulk ohthalo-
\ cyanine-iodine systems®) and a large SAW fraquency shift
due %o the high moleculsr weight of iodine, should be easily
measured.
l The io ""ne-doping experiment was conducted using ti.e
| apparatus ~hematically represanted in Figure 4. A sat-
vsated atmosphere of iodine in nitrogen could be switched

. on and off for delivery to a small dead-volume chamber

which housed the ~E film coated device and the electrical
contacts, Absorption ind desorpt.on of iodine with con-
¢.quent conductivity and mase chzages of the Gilm were
monitored over a 4500-s period by measuring current and
. SAW frequercy shifts. A t pical examnle of these data
- are pressnied in Figure 5 for a 45-layer copper phthalo-
cyanine film. The iodine reservoir was bypassed during
, the initial 100 s to establish a hase line. 2nd then the icdine
J flow was e-witched on for 2400 s. Durning this time all of
the films tested -esched a saturated or maximum con-
ductivity level. Over the 2500 1500-s int:rval the iodine
reservoir was again bypacsed, and the iodine desorption
was monitored. -
1t is readily ap -arent that the iodine vapor absorption
continues after the conductivity has reached its saturation
maximum, The charge-transfer_intercction of iodine in-

(11) (s) Wohitjen, H. *Mechaniam of Operation and Design Consid-
erations for Surfece Acoustic Wave Device Vaper Senwors™; NRL Mem-
orandum Report 5314; Neaval Resserch Laboratory: Washington, DC,
1984; ADA 141537. (b) Wohitjen, H. Sens. Actuators 1984, 5, 307,

——
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- \\ .
Figura 5. Measurement of urrent and SAW frequency changes

as a function of time caused by iodine doping of a 45-multilayer

cooper phthalocyanine-stesryl alcohol L-B film supported on &
dual 52-MHz SAW device.

volves transer of an electron {rom the phthalocyanine ring
and formation of the triiodide anion (eq 1). The ab-

2Pc + 31, = 2Pc*ly 0]

sorption is complicated in that the charge-transfer reaction
is not quantitative,® and additional iodine may be absorbed
as .nolzcular iodine or in formation of the pentaiodide
anion (eq 2).

Iz + IJ‘ = I:- (2)

The experimental measurements of interest from the
data are Af,, the SAW frequency shift attributable to the
L-B film, 'y, the i..itial current passing through the fiim
in a nitrogen atmosphere, I,,,,. the maximum current
passing through the film after iodine doping, and Af;, the
frequency shift caused by absorbed jodine where the
current value approaches that of I,,,.

Since the current and frequency measurements are being
-nade simultaneously on the same film, the current change
r. .7 be related directly to the iodine content. The bulk
conductivity of the film, s, may be calculated from the

microclectrode’s geometry and dimensions and the bias
voltage:

E V/d VQ@n-1ih

where J is the current density, E is the electric field, / is
the measured current, V is the bias voltage, A is the
cross-sectional area between cle-trodes, and d is the
electrode spacing. If the L-B fiim is thicL enough to fill
the channel between the electrode “fingers®, then A may
be calculated as the product of the number of channe™
between the electrode “fingers®, 2n - 1 (n is the number
of electrode “finger pairs™), the overlap length of the
electrode “fingers®, /, and the electrode thickness or height,
h. It is also possible to calculate a ratio of moles of ab-
sorbed iodine to moles of phthalocyanine ring, X in
‘MPcCP)1,, by using the proportionality between SAW
frequency shift and film mass and the relative concen-

tration of the phthalocyanine and stearyl alcohol film )
components:

.74 M,
ch(A,o/ M Pc)
where 4/ is the SAW frequency shift attributable to ab-

X

sorbed iodine, 4/, is the SAW frequency shift attributable
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Figure 6. Dependence of conductivity on quantity of absorbed
iodine for a 45-layer L~B fum of mixed copper phthalocyanine—
stearyl alcohol (1:1 mole ratio).

to the L-B film, W;, is the weight fraction of the
phthalocyanine component, M; is the atomic weight of
iodine, and Mp, is the molecular weight of the phthalo-
cyanine component in the film. As presented in Figure
6 for the 45-layer copper phthalocyanine example, the
experimental quantities of current and SAW frequency
shift or the calculated quantities of conductivity and sto-
chiometric iodine content may be plotted as is traditionally
found for phthalocyanine-doping experiments. Typically,
the conductivity increases by 4 orders in magnitude from
10719 to 10°¢ S/cm as a stoichiometric ratio of 2:1 iod-
ine/phthalocyanine is approached. While this conductivity
change is significant, it is not nearly as large as the 10
orders of magnitude reported for pressed-pellet samples
of pure unsubstituted phthalocyanine compounds with
comparable iodine doping. Considering the relatively large
size of the cumylphenoxy substituent groups, the mixed-
isomer nature of the tetrakis(cumylphenoxy)phthalo-
cyanine compounds, and the inclusion of stearyl alcohol
in the L~B film, such a comparison is not very meaningful
although methyl substitution at the phthalocyanine ring
periphery is reported to reduce the pressed-pellet con-
ductivity by 2-3 orders of magnitude for comparable iod-
ine-doped samples.?

Complexed Metal Ion Dependence. The effect of the
metal ion is of particular interest. Previous work has
shown that the metal ion has a distinctive influence on the
degree of phthalocyanine aggregation in solution as well
as the force—area curves when monolayers are formed.* For
sensing applications, weakly interacting vapors (e.g., am-
monia, sulfur dioxide, water, etc.) exhibit a variety of re-
sponses depending on the metal ion.!?

The resuits of iodine-doping experiments using 45-layer
L~B films of metal-free, copper, zinc, platinum, palladium,
cobalt, and nickel phthalocyanine—stearyl alcohol are
tabulated in Table I. All of the films display approxi-
matrly a 4 order of magnitude conductivity increase after
iodine doping with very little dependence on metal ion
substitution aithough they have been listed in che order
of d=creasing iodine-doped conductivity. Regarding the
contrast between metal-free and nickel phthalocyanine
films, a similar difference has been noted for the casé of

(12) Barger, W.; Wohltjen, H.; Snow, A. W. "Chemiresistor Trane-
ducers Coated with Phthelocyanine Derivatives by the Langmuir-Blod.
¥stt Technique®; Transd, s '8S; IEEE: New york; 1985; IEEE Ne.
85CH2127.9, pp 414417,
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Table . (MPcCPYL/C,OH L-B Film Conductivity and
e/l Stoichiometry

Pec compd X .S/cm LA Al kM2 Afi, kH2
H,iPeCP 2% 10° 66X 100" 6923
(H,PcCP), 22 6x10% 2x10¢ ~11.8 £ 0.2
CuPcCP X107 2x 100" €91
(CuPcCP), 22 6x10° 2x10° -11.3 % 0.7
ZnPcCP 2x10' 8x 100" -79
(ZnPcCP)I, 20 3x10¢% 1x10* ~12.1
PtPcCP 2x 10" 6x 10 -715%2
(PtPcCP)I, 25 Ix10* 1x10¢ -13.1 %03
PdPcCP IX10'* 1 x100'* -50
(PdPcCP)I, 39 1x10¢% 5x107 -14.4
CoPcCP 8x 10 3x 10 -T7
(CoPcCP), 26 1x10¢ 4x107 -15.1
NiPcCP 8x10" 3x 10" —68+3
(NiPcCP), 28 3x107 1x107 -14.4 £ 0.3
H,PcCP 8 X 10" 3Ix 107 45

(sprayed)
(H,PcCP, >34 8x10% Sx10°* >-33

(sprayed)

100 T T T v -
80}
., o0
KMH2

afy
KHz

log ig=10¢ 4
Amp -1 -4
.12 1
-8} . E
o8 lman "7} 1
Amp -8 4
-9 p

N " N " N "
] 10 20 30 40 50 [ 3] 70

Number of Layers

Figure 7. Dependence of SAW frequency shift of the undoped
L~B film (Af,), SAW frequency shift caused by absorbed iodine
where conductivity approaches a maximum (4/;), current passing
through the undoped film in a nitrogen atmosphere (Jo), and
maxim current passing through the film afler iodine deping (/,...)
on number of layers in the L-B multilayer film of metal-lree
phthalocyanine-stearyl alcohol (1:1 mol ratio). .

single-crystal measurements on the parent compounds.!3
For icdine vapor, the charge-transfer interaction is strong,
involving the phthalocyanine ring with the metal ion
having only a weak effect, :

Film Thickness Dependence. The relationship be-

~ tween L~B film thickness and microelectrode thickness is

an important issue when either chemical properties of the
film are being measured or the film is being evaluated as
8 microelectric component. To investigate this relationship
for an iodine-doping experiment as well as to examine the

{13) Murks, T. J. Science (Washington, D.C.) 1985, 227, 881..
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censitivity of the conductivity and £ AW frequency mea-
surements for very thin filme ubstrates were coated with
films ranging from 1 to 65 layers, and values for &f,, A,
ls. and 1, were measurcd. These data are plotted asn
function of number of layers in Figure 7. The dependence
of Afy and Af; on the number of transferred layers is linear
as would be expected from the linear dependence of SAW
frequency shift on coating mass. The values of bot [ and
I a.s level off with increasing film thickness at about 20
layers. If this thickness is considered to be the stage where
the gap between the planar electrodes is filled, a value of
35-40 A per layer may be calculated from the 760-A
thickness of the electrodes. This value is reasonable al-
though somewhat high when compared with the stearyl
alcohol chain length of about 25 A. Theoretical calcula-
tions based on SAW frequency shifts also predict a film
thickness of about 40 A.'' These experiments also indicate
that the conductivity measurement is more sensitive than
the SAW frequency measurement. For one- or three-layer
films, the conductivity changes by 2.5~3 orders in mag-
nitude while the SAW frequency change is on the order
of 100-200 Hz. Control experiments with an uncoated
device or a stearyl alcohol coated device after iodine ex-
posure display conductivity changes of approximately 1
order in magnitude (eg., from log fp = ~12.4 to log [, =
=11.2) and frequency shifts of about 100~200 Hz. These
control experiments were repeated several times, and the
largest responses to iodine vapor are reporied here. Ex-
perimental difficulties with the control experiments are
poor transfer characteristics with the pure stearyl alcohol
monolayers as mentioned earlier, extremely low levels of
conductivity to be measured, the SAW device’s sensitivity
to pressure on the mounting clips and temperature vari-
ation, and trace iodine contamination in the apparatus
between runs. Closer electrode spacing and higher fre-
quency devices may enhance sensitivity in future work.

Morphology Variations. In addition to being a good
technique for reproducibly coating thin films onto elec-
tronic devices, the L-B procedure may confer a unique
morphology (multilayered structure with vertical regularity
and specific in-plane orientation and packing of constituent
molecules) to the coatings by nature of hydrophobic and
hydrephilic interactions between the molecules within the
film and the surface of the water or the substrate during
spplication of the film. Resonance Raman and ESR
studies havs produced evidence of phthalocyanine an-
isotropy in these films.%? To determine whether the con-
ductivity and iodine vapor absorption are strongly influ-
enced by the L~-B film multilayer morphology, films of
similar thickness but different morphologies were depos-
ited on the dual 52-MHz SAW substrate.

In one case, a film was deposited by a spraying technique
which involved air brushing a fine mist of the phthalo-
cyanine-stearyl alcohol-chloroform solution until the film
color intensity appearance was comparable to that of the
45-layer L~B film. The Af, value for the “sprayed on" film
was -45 KHz which is slightly less than the -69 KHz of
the 45-layer LB film. The iodine exposure data for the
“sprayed on” film and L~B film are presented in Figure

. 8. The conductivity response of these two films is not

significantly different, but the SAW frequency data are
markedly different. The “sprayed on" film absorbs 4 times
a8 much iodine over a 1900-s egposure time, and it would
be even larger for a longer ex{.osure time. An explanation
for the higheF capacity of the “sprayed on” film to absorb
iodine would be that it has a much looser packing and
higher porosity hence a larger surface ares and void volune
to accommodate more iodine absorption than the L~B film,

Snow et nl.

Vi - (oec)

3 1000 1080 3008 000
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Figure 8. Comparison of a 45-layer LB film with a fused 45-layer
L-B film and a “sprayed on" film of metal-free phthalo-
cyanine-stearyi alcohol (1:1 maol ratio) in an iodine-doping ex-
periment.

This could facilitate absorption of iodine in excess of that
engaged in the charge-transfer interaction with phthalo-
cyanine (eq 1), possibly as moleculer iodine or as in the
formation of the pentaiodide ion (eq 2).

In the second case, a fused LB film was prepared by
heat treating a 45-layer L-B film for 10 min at 100 *°C
which causes melting of the stearyl alcohol component.
The iodine exposure data for the fused film compared with
the normal L-B film are presented in Figure 8. In this
case, both the conductivity response to a small extent and,
more significantly, the SAW frequency shift are less than
ior the “as-prepared® L-B film. A probable explanation
is that the coating morphology is changed. Fusion of the
coating followed by ambient cooling may result in loss of
vertical regularity of the layered structure and consequent
phase separation to a stearyl alcohol overcoating on a
phthalocyanine precipitate. In a small test tube experi-
ment, fusion and cooling of the two components results
in visually observable precipitation of the phthalocyanine
to the bottom of the tube from an initially uniform melt.
A stearyl alcohol overcoating would have little affinity to
absorb iodine as indicated by the stearyl alcohol coating
control experiment and could retard iodine diffusion to
the active phthalocysnine phase.

A special differential scanning calorimetry (DSC) ex-
periment was performed to obtain information about the
fusion-induced L-B film morphology change. A sample
was prepared by L~B transfer of 183 layers onto six alu-
minum disk substrates which were stacked into a single
DSC sample pan and had a calculated total transferred
film mass of 0.2 mg. The DSC thermograms for the freshly
prepared phthalocyanine-stearyl alcohol film, one recycle,
and a pure stegryl alcohol control film are presented in
Figure 9. The phthalocyanine mixed L~B film displayed
several overlapping transitions on the first scan with two
broad peaks at 57.9 and 56.3 °C. The recycle scan dis-
played a narrower more intense peak at 57.7 °C. The
stearyl alcohol control film displayed a thermogram similar

in shape to that of the recycle but with s transition pesk
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Figure 9. DSC thermograms of (a) a freshly prepared metal-{ree
phthalocyanine-stearyl alcohol (1:1 mol ratio) 183-layer L~B film,
(b) a fused {recycled scan) L-B film, and (c) a pure stearyl alcohol
L-B film.

at 58.5 °C. These thermograms indicated that the mor-
phology of the L~B film is more complicated than a simple
fused mixture and is irreversibly altered by the 100 °C
thermal treatment.

519

Summary

L-B films of tetrakis{(cumylphenoxy)phthalocyanine-
atearyl alcohol mixed monolayers strongly interact with
iodine vapor, and it is possible to simultaneously measure
the conductivity and gravimeiric changes in the film by
a novel planar microelectrode surface acoustic wave mea-
surement technique. The conductivity increased by 4
orders of magnitude and a complex formation stoichiom-
etry of two to four iodine atoms per phthalocyanine ring
was measured. The identity of the complexed central
metal ion has very little effect on either the magnitude of
the conductivity increase or the complex stoichiometry.
The conductivity measurement is dependent on the
multilayer film thickness unless the film is thicker than
the planar microelectrode. The quantity of iodine a
phthalocyanine film may absorb is dependent on the film
morphology while the magnitude of the conductivity in-
crease is nearly independent of the morphology.

Acknowledgment. We thank Phillip Berg and Russell
Jeffries for making the electrode thickness measurement
by interferometry and Wanda Carter for obtaining the
DSC data.
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Correlation of Surface Acoustic Wave Device Coating
Responses with Solubility Properties and Chemice| Structure

Using Pattern Recognition

David S. Ballantine, Jr.

Geo-Centers, Inc., 4710 Auth Place, Suitland, Maryland 20746

Susan L. Rose and Jay W. Grate*

Chemistry Division, Noval Research Laborstory, Washington, D.C. 20375-5000

Hank Wohltjen

Microsensor Systems, Inc., P.O. Box 90, Fairfaz, Virginia 22030

Tweive surface scoustic wave device costings were exposed
to 11 chemical vapors and responses were correlated with
solubliity properties and coating structure to determine pos-
sible vapor/coating interaction mechsnisms. Hydrogen
bonding abiity ls impiicated as a significant vapor/coating
interaction mechaniem. Pattern recognition schemes applied
to the preliminary data sided In solubiity property/response
comrelations. Principal component analysis demonstrated
good separation of differend classse of cnemical vapors
tested. Hierarchicad clustering provided additional evidence
of the correlidons between solubiiity properties and the ob-
served clusiering. In sddition, pattern recognition methods
mwhmM'munmyﬁ-
tector using these costings. Leaming techniques show that
one-fourth of the sensor can sdecustely separale compounds
of inlerest from chamically similar iInterfedences.

28 small, very sensitive chemical sensors. The principles of

operation have been described in detail (1), but they are
essentially mase-sensitive detectors. They consist of a set of
interdigital transducers that have been microfabricated onto
the surface of a piezoelectric crystals. When placed in an
oscillator circuit, an acoustic Rayliegh wave is generated on
the surfacs of the crystal. The characteristic resonant fre-
quency of the device is dependent on transducer geometry and
the Raleigh wave velocity. Small mass changes or elastic
modulus changes on the surface perturb the wave velocity and
are readily observed 2s shifts in this resonant frequency. The
extreme sensitivity of these devices makes them attractive as
potential gas sensors. The 112-MHz dual SAW devices rou-
tinely used in our laboratory, for example, have a theoretical
sensitivity of >17 Hz/(ng/cm?). Considering that the active
area of the‘devics covers 0.17 cmn? and assuming a signal to
noise ratio of 3, this sensitivity results in a minimum de-
tectability of about 0.2 ng (I).

The ultimate performance of a SAW device as a chemical
sensor is critically dependent on the sensitivity and selectivity
of the adsorbent coating spplied to the surface of the pie-
zoelectric crystal. However, no systematic investigation of

0003-2700/86/0358-3058301.50/0 © 1988 Asmarican Chamical Society
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adsorbent cuatings on SAW devices has yet been reported,
and references (o responses of speafic SAW coalings to specific
vapor are few in number (2-5). The most closely related sensor
technology is the bulk piezoelectric crystal sensor, which has
been reviewed (5). Coctings exhibiting selectivity to specific
vapors have been identified in some cases, but many coatings
have been of ill-defined composition and, until recently, se-
lection has been largely empirical (6-11). It is therefore es-
sential to identify coatings for SAW devices which respond
to vapors of interest and to develop a rationale for the selection
or design of such coatings.

The development of adsorbent coatings alone may not be
sufficient for some applications of these devices. It is unlikely

that any given material possesses sufficient selectivity to
" permit accurate detection and identification of a single
chemical vapor of interest in the presence of multiple, un-
known interferences. A promising approach to this type of
analytical problem is ths use of pattern recognition techniques
in conjunction with an array of sensors of varying selectivity.
This approach has been applied to vapor response data from
electrochemical sensors (12) and to the selection of coatings
for piezoelectric crystal sensors (7).

Pattern recognition techniques, as applied to sensor data,
can be described as follows. The sensors encode chemical
information about the vapoz in numerical form. Each sensor
defines an axis in a multidimensional space. Vapors can be
represented as points positioned in this space according to
sensor responses. Vapors that produce similar responses from
the set of coatings will tend to cluster near one another in
space. Pattern recognition uses muitivariate statistics and
numerical analysis to investigate such clustering and to elu-
cidate relationships in multidimensional data sets without
human biss. In addition, the method can reduce inverference
effects and improve selectivity in analytical measurements.

In this study, we have generated a large data base consisting
of the responses of 12 SAW coatings to 11 vapors at various
concentrations, and we have analyzed these data by using
pattern recognition techniques. Our objectives were 2-fold.
First, we wished to gather sufficient data to investigate and
possibly identify the types of vapor/coating interactions re-
sponsible for the chserved SAW devices responses. Pattern
recognition techniques assisted in this effort by clustering
vapors with similar response patterns and by identifying
similarities between coatings based on responses to vapors.
. Secondly, we wished to determine the ability of pattern rec-
ognition techniques in conjunction with SAW sensors to
discriminate between vapors of interest and chemically similar
intarferences. Such discrimination is neceasary for an array
detector to be practical and effective,

EXPERIMENTAL SECTION

Materials. Solvents for vapor stream generation were com-
mercial materials of 99.99% purity, except disthyl sulfide (98%,
Aldrich) and dimethyl methyiphosphonate (97%, Aldrich). These
materials are listed in Table 1.

The following coating maeterials were obtained from Aldrich:
abietic scid, octadecyl vinyl ether/maleic anhydride copolymer,
poly(epichlorohydrin), cis-poly(isoprene), and acrylonitrile/bu-
tadiene copolymer (0.45/0.55). Poly(vinylpyrrolidone) and OV210
were purchased from Alitech. The two polyphosphazines are
proprietary materials and were obtained courtesy of Ethyl Corp.
Poly{ethylens maleats) was prepared as described by Snow and
Wobhltjen (2). Poly(amidoxime) was prepared by resction of the
acrylonitrile/butadiens copolymer (Aldrich) with hydroxylamine.
Subsequent IR analysis indicated a nitrile to amidoxime ratio of
0.38/0.07 (13). Fluoropolyol was frepared using methods de-
scribed by O'Rear et al. (14). Theas materials and their structures
are given in Table I1.

. An Systam. The 112-MHz dual SAW delay lines used
in this study wers fabricated photolithographically on poliahed

S-T Quartz substrates (1 cm X 1 cm X 0.08 cm thick). The

ANALYTICAL CHEMISTRY, VOL. 58, NO. 14, DECEMBER 1988 » 3059

Table I. Test Vapore and Solubility Parameters
 ad 8 a
Permeation Tubes, Class 1
methanesulfonyl fluotide (MSF)

N.N-dimethylecetamide (DMAC) 088 076 0.0
dimethyl methyiphosphonste (DMMr)® (0.81) (0)
Bubblers, Class 2

1,2-dichlorosthane (DCE) 081 000 00
water 1.09 0.18 1.17
isooctane (1SO» . 0.0) (0.0) {0.0)
toluens (TOL) 054 0.11 0.0
diethyl sulfide (DES)* 036 0.28 0.0
tributyl phosphate (TBP)* 065 077 0.0
2-butanons (BTN} 0.67 048 0.0
1-butanol (BTL) 047 0.88 0.79

*These valuss sre unpublished dsta from Abraham (25). Values
in table for DMMP are taken from a similar compound, DEP;
values for iscoctans are taken from 2 4-dimethylpentane.

oS
l/ Saang rosovies?

Figure 1. 1128 SAW device and associated electronic circult
disgram.

electrodes were mads of gold (100 A thick) depoaited onto titanium
(about 200 A thick) to provids adhesion. Each electrode array
consisted of 50 “Snger” pairs with each electrode 7 um wide and
spaced 7 xm from the next finger. The electrode arrsys had an
aperture of 0.22¢ ca. The devices were clamped into s Teflon
holder using sassll pressure clips .nd screws. A lid attached to
this holder was fithed with inlet and outlet tubes to provide a vapor
flow path. The twe delay lines used in this system were connected
as shown in Figure 1.

Dilute solutisss of the costing materials were prepared in
volatile solvents, usually chloroform, tetrshydrofuran, or s
methanol/chlosforsa mizture. To make chemical sensors, one
delay line wes costed with the material under investigation using
an airbrush. Cesting deposition produced frequency shifts of
75~200 kHz, whith were recorded and used as a measure of film
thickness for nermalization and comparison of data (1).

The uncoatad delay line acted as a reference oscillator to
provide compesmation for ambient temperature and pressure
fluctuations. Esch delay ling was connected to a TRW 2820 wide
band tf smplifier to provide the amplification required for os-
cillation to occur. The frequencies obtained from each cscillator
were mized in o double balance mixer (Mini Circuits Labs SRA-1)
to provide the lsw{requency differences signal which was mes-
sured. Frequescy messuremmenta were made with & Systron-
Donner frequescy counter, Model 6042A. The frequency counter
was interfaced t0 an Apple I!e microcomputer via an JEEE 488
bus and interface card.

Vaper Generstioa System. Vapor streama were genersted
with an sutossied gas handler systam interface with an Apple
lle microcomputer. Plumbing connections were made by using




o2
M
i

3 L
| SUE. —
—— —e.
.

3060 » ANALYTICAL CHEMISTRY, VOL. 58, NO. 14, DECEMBER 1286

Table I1. Cosnting Materiale and Siructures

HYOROGEN BOND ACCEPTOM - DONON

COATING STRUCTURES ™ Of T0TAL
o] o

POLY ETMYLENE " " CARBONYL $484)-20%
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! [in. stainless stoel or nickel tubing. The carrier gas was com-
pressed air that wes dried by passage through Drierite. Flow rates
were controlled with mass flow controllers (Tylan).
Individual vapos streams were generated from one of up to eight
bubbiers, or one of up to four permeation tubes. Air flow to

bubblers was maintained at 39 mL/min, while flow rates to
permestion tubes varied from 39 to 200 mL/min, depending on
the desired concentration. Additional air for dilution could be
added downstream, up to a total volumetric flow of 1200 mL/min.
Based on the accuracy of the mass flow controllers, the uncer-




tainties 1n the total volumetric tlow rates were 1.7%. A constant
system output of 39 mL/min to the sensor was maintained by
a piezoelectric precision gas leak valve. This system will be
described in more detail elsewhere (15).

The bubblers consisted of stainless »' ‘el vessels containing
approximately 100 mL of solvent, with inler and outlet tubes of
1/4in. stainless steel tubing. Vapor mass flow rates were de-
termined by adsorbing the vapor output onto clean, dried charcoal
traps. The traps were weighed after 15-20 min collection periods,
and mass flows were determined. Two traps in series were pe-
riodically used to check for breakthrough. Multiple successive
determinations resulted in calculated mass flow (in mg/min) with
ervors of less than 6%.

A calibrated permeation tube containing methanesulfonyl
fluoride was purchased from G.C. Industries (Chatsworth, CA).
Permeation tubes containing 1-3 mL of dimethyl methyl-
phosphonate or N . N-dimethylacetamide were prepared using
1-1!/, in. lengths of Teflon hestshrink tubing (3/, in. i.d., Cole-
Parmer) capped at both ends with Teflon rods. These tubes were
stored in a desiccator for 1-3 weeks and then calibrated at op-
erational temperatures (DMMP, 50 *C; DMAC, 25 *C). The tubes
were weighed every 2-3 days until constant permeation rates (in
ug/min) were obtained. Permeation rates had errors of less than
10%.

Data Coliection and Analysis. During coating testing, the
difference frequency output of the sensor was recorded every 2
s at 1 Hz resolution. In # typical experiment, the sensor was
exposed to air for 1 min to establish a base line response. This
was followed by repeated exposures of vapor/air/vapor/air, with
each exposure of 2-min duration.

Each of the 12 coatings was exposed to 11 chemical vapors.
Each vapor was run at four different concentrations, with two
experiments (four vapor exposures) at each concentration.
Frequency shifts caused bythuevmupmnamdewmnnd
by integrating the area under the signal peak and averaging over
the number of data points collected. An equilibration time of
20 min was scheduled at the beginning of each new vapor to allow
the vapor stream to achieve equilibrium. At the completion of
the experiments for a given vapor, the gas handler system was
flushed with clean air for 10 min.

Pattern Recognition. Since dividing the sensor responses
by concentration is not possible for a field instrument measuring
unknowns, it is important for each sensor to be exposed to the
same concentrations, and to apply a closure method (such as
pattern normalization) to the resulta. The data were collected
on individual sensors rather than an array. As a result, the sensor
data for a given vapor wers not always collected at the same
concentration for each sensor. To get the same concentrations
for each vapor across & pattemn vector, responses for some sensors
wers interpolated from the calibration curves. For most of the
11 vapors, average frequency shifts were determined for two
experiments at each of three concentrations. Only two concen-
trations resulted in satisfactory responses for MSF, while all Jour
concentrations of DMMP were consistent for all of the sensors
tested. These response values, or descriptors, for the 11 vapors
formed a 66 X 12 data matrix. Each row in the matrix is & pattern
vector, representing responies of the 12 coatings to a given va-
por/concentration experiment.

These data wers then analyzad on a VAX 11-750 using pettern
recognition routines included in ADAPT (16). The pattern vectors

were normalized using pattern normalization methods described.

previously (12). The normalization procedure removes the effects
of concentration and the sensitivity of one vapor relative to an-
other. This is secessary to obtain the mazimum amount of
chomical information from vapors that sive only weak responses.
Each descriptor for a given costing was then sutoscaled to a mean
of zero and a standard deviation of unity. Although sutoscaling
alters the actual values of the sensor responses, it does not alter
the number of features or the basic geometry of the clustering
(16).

Muitiple linear regression was used to uwaunu the uni-
queness of sach sensor while testing for collinearities which could
cause numerical instabilities in the analysia. After the set of senenr
responses was checked for collinesrities, pattern recognitiun
techniques for display and mapping. clustering, and classification
were implgmenged.
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Because it is impo-sible to imagine the data puints clustering
in n-dim« wsional space, & display method was used Lo transform
the data into two-dimensional space for casier visualization. The
Karhunen-Losve transformation finds the axes in the deta space
that account for the major portion of the variance while main-
taining the least amount of error. A correlstion matrix for the
stored data set is computad and the eigenvalues and eigenvectors
are then extracted. The two-principal-component plot presents
thophnoMbd.npmnhtbdnh (17). For display purposes,
a nonlinear mapping routine is used to separste vapors that
overlap when projected onto this plane butmuplnud in the
multidimensional space. The nonlinear mapping routine trans-
formos a set of points from n-space to two-spacs by maintaining
the simularities between the points. It doss this by minimizing
an error function (18).

Clustering techniques, which are unsupervised learning tech-
niques because the routines are given only the data and not the
class membership of the points, group compounds together ac-
cording to some critsrion. By examination of the different
clustering results, a clearer insight is gained into the actual
clustering in n-space (17). ADAPT includes a variety of ag-
glomerative hierarchial clustering routines which group the data
bymvdyﬁnnﬂhcmmtomhcumnnmc.unul the
entire group of petterns is a single set. The routines maintain
a particular within-group homogeneity, depending on the criterion
and the fusing strategy used. Three dissimilarity metrics wers
used: (a) Euclidean distance squared, (b) Euclidean distance, and
(c) Canberra distance. The fusing strategies investigated were
() nearest neighbor, (b) median, (¢c) average, and (d) flexible
fusion. Resuiting data are displayed in dendrograms (19).

Classification methods, which are also considered supervised
learning techniques because they are given both the data and the
correct clamsification results, generate mathematical functions to
described the clustering. Thers are two basic modes of operation
for classification methods: (a) parametric, and (b) nonparametric.
Parametric techniques use statistical) information based on the
underlying data to define the boundaries of the clusters. Their
performance is based on the assumption made concerning the
statistical charactaristics of the data. The nonparametric tech-
niques use mathematics to define the ares between the clusters.
The primary parametric prograrns used in these studies are Bayes
linesr and quadratic (17), while the non| ic routines were
the perception (17) and adaptive least-squares (ALS) (20).

To achieve the best clamification results, each sensor responss
is rauitiplied by a constant so that the contribution of each sensor
is weighted. The vector that is generated is called a weight vector.
The routine iteratively updates the weight vector, and a decision
surface can be located between the classes. The weight vector
for a linear decision surface can be generated by one classifier,
stored, and then used subssquently in another classifisr. Weight
vectors can be improved by passing tham between classifiers.

Learning tachniques are used to train the algorithm on the
correct classification results. A discriminant function is found
that separates one class from another. The width of the function
is & measure of the separation. Featurs selection is used to reduce
the number of sensore to the smallest set while maintaining good
classification resulis (14). One feature selection method randomly
removes vepors from the data set for each analysis in multiple
applications of the perception algorithm. As each vapor is ro-
moved, the variance in the weight vector is determined. If the
observed variance is large, then the information from the corre-
sponding sensor does not contribute significantly to the observed
separation of classes.

RESULTS

Vapors used during this study are given in Table I. These
vapors were chosen to represent a variety of structural and
functional groups. In addition, we were specifically interested
in coatings thet would be sensitive to toxic organophosphorus
compounds. The set of vapors contains three vapors selected
as sirnulants of these materials. Methanesulfonyl fluoride is
an irreversible enzryme inhibitor and, as such, exhibits bio-
bonlmﬂnwthomhupmmda
(21). Dimethylacetemide has solubility properties that are
umhrbthl..ahtuh.nmdmud bythc.olnblhtypao
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Table 111. Normalized Veapor Responses (1072 Hz2/(ppm.'kil'2))

coatings
vapors PEM OVEMAC PVP PBAN PAOX PECH ABACD FPOL PIP OV210 PPIN1 PPZIN2
MSF 240 78 “ 160 130 0.0 9% 390 21 0.0 30 37
DMAC 650 60 0.0 38 290 210 39 1360 15.6 6.4 19 130
DMMP 6500 460 40 450 830 550 590 1560 230 204 340 990
DCE 4.2 0.9 2.0 3.4 4.2 3.0 33 24 2.5 0.4 0.5 0.9
water 28 13 4.8 0.3 0.4 0.6 04 0.2 0.09 0.2 0.2 0.7
1SO 0.7 0.6 0.13 0.4 0.4 0.4 1.9 0.4 1.7 0.3 0.0 0.4
TOL 38 1.3 0.7 3.9 48 39 94 0.12 3.7 0.6 0.5 14
DES 4.4 13 0.4 3.4 40 4.1 8.7 3.0 37 0.6 0.4 1.7
TBP 24 2.6 33 6.4 17 12 138 13 0.08 29 3.7
BTN 3.6 0.5 0.5 1.8 1.9 2.0 22 30 0.54 03 13 1.9
BTL 11 27 11 34 8.9 26 18 8.0 1.0 0.7 0.9 1.1
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Figure 2. Typical SAW device reversbie response. T ! [~ ' py——
rameter values in Table I. Dimethyl methylphosphonate ?o
(DMMP) is structurally similar to many of the organo- T
phosphorus pesticides. These three vapors are grouped to- ! .
gether and labeled class 1 vapors. The remaining vapors are
called class 2 and represent a very general set of potential
interferences. Note that tributyl phosphate is also an orga-
nophosphorus compound. It has been included in class 2
specifically to test the ability of the coatings and pattern g . R aiien i DL
recognition techniques to distinguish between chemically -
similar compounds. Included in the table are solvatochromic @
parameters, which are a scale for comparing the solubility a
properties of these vapors (22, 23). These parameters are a = ﬁ
measure of the dipolarity/polarizability (=*), hydrogen bond
donor acidity {a), and hydrogen bond acceptor basicity (8).

The ranges of values in the tables are evidence of the gen-
erality of the set of selected vapors. No data are available
directly for DMMP or isooctane. Values in the table for
DMMP are based on values for a similar compound, dimethyl
ethylpbosphonate (DMEP). Values for isooctane are based
on values for 2,4-dimethylpentane. These parameters will be
correlated with observed response behavior in the discussion
section.

Adsorbent coatings exhibited good response times, usually
reaching 90% of total response within 1 min. At high vapor
concentrations, the response time was more a function of the
systern dead volume than of the coating response behavior.
At lower concentrations, however, responses may have been
affected by longer equilibration time between vapor and
coating, or by adsorption of vapor onto tubing walls. Upon
removal of the vapor stream, a rapid return to stable baseline
was usually observed. A typical response is shown in Figure
2. Reversible responses were observed for all vapor/coating
pairs given in Table IIL. Frequency shift data wers used to
generate calibration curves. The slopes of these curves in
Hz/ppm (vapor), were then normalized by dividing by the film
thickness (in kHz). Normalized responses are presented in

- Table 111

Coating materials and their st.rucmres are given in Tabh
I1. Because we were interested in detecting organophosphorus
compounds, coatings were.selected besed on preliminary tests
that indicated a sensitivity to DMMP. Coating sensitivities
to other vapors in this study were not known, and extreme
selectivities to DMMP and other class 1 vapors were not

NN THHE
COATINGS

Figure 3. Bar graphs showing reiative response pattermns of 10
coaﬂmbspocmcvam

suspected. In general, most of the coatings were more sensitive
to clase 1 than to class 2 vapors and exhibited particularly good
sensitivity to DMMP. Poly(ethylene maleate) and fluoro-
polyol were the most sensitive coatings for detecting DMMP
and other class 1 vapors. The response of fluoropolyol to
DMMP was the response of greatest magnitude in the entire
data set and was at least 2000 times greater than its response
to any class 2 vapor. The coating that was least sensitive to
DMMP was poly(vinylpyrrolidone). While it was the most
sensitive coating for water, its response to water was still 10
times less than its response to DMMP. .

Noise levels of 10-15 Hz are associated with the SAW de-
vices. Assuming a S/N ratio of 3, the minimum detected
signal is 45 Hz. For a 100-kHz film of fluoropolyol, for ex-
ample, this translates into detection limits of 0.03 ppm for
DMMP and <2000 ppm for water. For a 100-kHz film of
poly(vmylpvymhdone). these detection limits are 11 ppm and
100 ppm, respectively.

Individual bar graphs showing the relative responses of the
12 coatings to six of the vapors are shown in Figure 3. For
display, responses are normalized to the coating with the
greatest responses, while the scale of actual response (in
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Figwe 3. Principal component piot using results from all 12 coatings.

Hz/(ppm/kHz) is given on the y axis. Similarly, bar graphs
showing the responses of four of the coatings to all 11 vapors
are shown in Figure 4. The solid bars shown are all nor-
malized to the vapor eliciting the highest response. In most
cases, the class 2 vapors elicited much lower responses than
class 1 vapors. For this reason, the response patterns for these
vapors are not easily seen when plotted on the same scale as
the class 1 vapors. To display the relative responses of the
class 2 vapors on the same graph, the class 2 vapors were
normaslized to the highest class 2 response. Bars have been
superimposed in Figure 4 to show the response pattern of the
normalized class 2 vapors.

Pattern Recognition. The multiple linear regression re-
suits indicate that the correlation between sensors is not
strong, so0 individual coatings could not be eliminated on the
basis of redundancy. According to eigenanalysis, ten sensors
account for 99% of the variance, indicating that at least two
of the sensors can be removed without reducing the separation
between compounds. The first two principal components from
the Karhunen-Loeve transformation were used to initialized
the nonlinear mapping routine. The resulting plot is shown
in Figure 5. Class 1 and class 2 compounds are Jabeled on
the plot with a 1 or a 2, respectively. It is clear that responsss
for individual vapors tend to cluster in discreet sectors of space
with well-defined boundaries. In addition, class 1 vapors tend
to cluster near one other. Vapors cluster in n-space based on
sitailarities in response patterns. These clusters may indicate

——
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Table 1V. Weight Vector Conponnu for Four Best

Coatinge
vector D0 wrong
coating value clase 1 classa 2 % recognition
0 0 100
OVEMAC -0.06783 3 1 93.9
PEM Q11633 - 2 8 84.9
PVP -0.80966 18 0 72.7
FPOL 0.20978 14 [] 69.7

similarities in vapor/coating interaction mechanisms for these
vapors.

Hierarchical cluster analysis producs similar results for each
metric. The fusion methods, however, produced different
groupings. Flexible fusion was selected for display because
it is space conserving and does not change the relationships
between the groups of data (24). The dendrogram resulting
from hierarchical cluster analysis on one third of the data set
is shown in Figure 8. Ths original matrix was reduced to
simplify visualizstion. Results from the second experiment
of the two highest concentrations were selected. The y axis
of the dendrogram is a measure of the dissimilarity of response
patterns for gives vapors. Thua, diethyl sulfide and toluene
exhibit very similar response patterns, and the lines repre-
senting the responss patterns for these vapors converge very
low on the y axis of the dendrogram. Conversely, the lines
for water and iscoctane do not corverge, indicating very
dissimilar response patterna.

Similarities and dissimilarities in the coating were examined
by applying cluster analysis on the transpose of the 66 x 12
matrix. Since no structural information was available for the
polyphosphazine costings, information derived from these
coatings is of limited value. Disregarding the response data
for these coatings, cluster analysis was also applied to the
transpose of the resulting 66 X 10 matrix. These resuits are
displayed in Figure 7.

By use of .clamification routines and feature selection to
nduuthcmvﬂthomotvm, four coatings were
found that could stperats class I from class 2 vapors. These
were poly(sthyleme maleste), fluoropolyol, octadecyl vinyl
ether/maleic asbydride copolymer, and poly(vinyl-
pyrrolidone). The byperplane between the two classes can
be given a dead 2eme (or a width of 1000 times the normal
width produced by the routines), which indicates that the
clasees are well ssparated. With all four coatings, 100%
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Figure 7. Typical hierarchical cluster results of coatings besed on
responses o 11 vapors (Eucidean distance metric with flexbie fusion).
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Figure 8. Principal component piot using resuits from the four best
coatings: PEM, FPOL, PVP, OVEMAC.

recognition of vapors as class 1 or class 2 is possible. Elim-
inating octadecyl vinyl ether/maleic anhydride copolymer
decreases this to 94%, which still represents reasonably good
discrimination. The weight vectors for these coating are given
in Table IV. Of these coatings, fluoropolylol and poly(vi-
nylpyrrolidone) are most important for the correct classifi-
cation of class 1 vapors, while poly(ethylene maleate) is im-
portant for class 2 vapors.

The nonlinear mapping plot from the two principal com-
ponents using these four coatings is shown in Figure 8. While
the cluster spaces for some of the vapors appear to overlap,
the boundary for class 1 compounds is still well defined. The
dendrogram produced by Euclidean metrics and flexible fusion
for these coatings is given in Figure 9. Class 1 compounds
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Figure 8. Tipical hierarchical cluster results of the vapors for the best
four coatings (Eucidean distance metric with flexbie fusion).

are clustered very closely, and except for butanone, are well
separated from the interference vapors.

DISCUSSION

In the course of discussing these results we will attempt to
develop a rationals to be used in future coating design and/or
selection. The solvatochromic parameters in Table I represent
a relative scale for comparing solubility properties of the
vapors. The values in the table are for bulk solutions and do
not describe all possible solubility interactions. For the
purposes of the discussion they represent a reasonable first
approximation of the solubility properties of these materials.
By correlating observed responses with these parameters, we
hope to identify the vapor/coating interaction mechanisms
that are responsible for our results.

Since no quantitative scale is available to characterize the
solubility properties of the coating materials, qualitative es-
timates of relative hydrogen bond acceptor (HBA) and hy-
drogen bond donor (HBD) strengths were made based on the
weight percentages of HBA and HBD functional groups in
their structure. These percentages are reported in Table 11.
Materials lacking any hydrogen bonding functional groups
were labeled non hydrogen bonding (NHB). All these ma-
terials are polymers with the exception of abietic acid, which

" is a crystalline organic material. Since no structural infor-

mation was available for the polyphosphazines, resuits for
these coatings will not be included in the discussions of
structure/responss correlations.

The vapor/coating interaction could be modeled as the
dissolution of a solute vapor in a solvent coating. It is rea-
sonable to model the coatings as a solvent phase since all ihe
polymers were employed above their glass transition tem-
peratures. The response should be determined by solubility
interactions, e.g., dipole-dipole and hydrogen bond interac-
tions. The data set as a whole indicates that the solubility
properties represented by the parameters in Table I are im-
portant in determining SAW device responses. The six vapors
whose response patterns are illustrated by the bar graphs in
Figure 3 are representative of various classes of vapors, based
on solubility properties. Water is a strong HBD and a weak
HB/; 1-butanol is both HBD and HBA; DMMP and tributyl
phcsphate are HBA but not HBD; isooctane is a NHB vapor
with lttle or no dipolarity/polarizability; and dichloroethane
is a NHB vapor with significant dipolarity/polarizability. The
bar graphs in Figure 3 show that vapors with different solu-
bility properties elicited different coating response patterns.
Vapors with similar solubility properties, such as DMMP,
dimethylacetamide, and 2-butanone have more similar re-




H
1

sponse patterns (see datu in Table III). DMMP und tributyl
phosphate, however, have easily distinguishable response
patterns but have a similar solubility properties. Closer ex-
amination shows that this is primarily due to poly(vinyl-

. pverolidone), fluoropolyol, and OV210. While the overall

| | response of the remaining coatings is still more sensitive to

' | DMMP, the general response pattern of these coatings is more

y  The reason for which all the coatings were most sensitive
| to DMMP is not clear. Examination of the solubility pa-

"I rameters in Table I indicates that DMMP is not exceptional

2 its hydrogen bonding ability. Therefore, the extremely high
" « response of thess coatings to DMMP must be due tc some

i solubility property that has not been characterized in Table
* 1, such as its dipolarity/polarizability, or to a fortuitous

combination of solubility properties.

) The noted differences observed between DMMP and tri-
| butyl phosphate are siso likely due to differences in a solubility
parameter that is not examined here. Structurally, these
vapors differ in size, with tributyl phosphate containing large
| alkyl groups that may significantly affe-t its solubility in
| certain materials.

Hierarchical cluster analysis provides a more systematic
determination of the similarity or dissimilarity of the various
vapors, as determined by SAW sensor responses. The re-
sulting dendrogram in Figure 6 sorts the vapors in a manner
that is consistent with their solubility properties. Starting
from the top of the plot and working down (toward increasing
similarity), the NHB vapors on the right are separated from

from the other NHB vapors, a result consistent with the
unique character of isooctane as indicated in Table 1. Itis
the only vapor with near zero dipolarity, olarizability. The
NHB vapors with significeat dipolarity/ polarizability (1,2-
dichloroethane, toluene, and diethyl sulfide) are more similar
to one another than they are to isooctane cr the HBA and
HBD vapors. In this cluster, dichloroethane stands out in the
dendrogram and in Table I as the NHB vapor with the
greatest dipolarity/polarizability.

Among the HBA and HBD vapors on the left of the den-
drogram, water is the least similar to any other vapors. Ac-
cordingly, water is seen in Table I to have extremely highly
dipolarity/polarizability. It is also unusual in its relatively
' high HBD character. The other HBD vapor, 1-butanol, has
significantly greater HBA character and less dipolarity/po-
larizability than water and is shown in the dendrogram to be
more similar to the other HBA vapors. In general, t'.e HBA
vapors cluster together, with DMMP and dimethylacetamide
being the most similar. These resuits demonstrate that the
solubility properties in Table I should be considered as im-
portant factors affecting SAW sensor responses.

Exceptions to these general trends must also be considered.
** For example, methanesulfonyl flucride clusters with the other
" HBA vapors, but it is a weak HBA vapor and may be more
similar to that of diethyl sulfide, a NHB vapor. Similarly,
tributyl phosphate does not cluster as closely to DMMP as
might be expected based on the fact that both are organo-
phosphorus compounds with similar HBA strength. Indi-
vidual coraparisons, therefore, emphasize the importance of

The roles of coating properties and structures in deter-
mining sensor responses cannot be fully determined by these
data. Coating responses will be influenced by a mixture of
interactions wit:'h various structural features such as double
bonds, conjugation, alipbatic side chains, and heteroatomic
functional groups. The relative importancs of these inter-
actions is difficult to determine, and relevant solubility
properties for these coatings have not yet been identified.

the HBA and HBD vapors on the left. Isooctane is separated

» factors in sddition to the solubility properties in Table I..
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We can, however, explore the role of hydrogen bonding
interactions by using the relative scale of HBA and HBD
strengths in Table Il. With the exception of poly(isoprene),
all of the coatings contain heteroatoms capable of accepting
hydrogen bonds. HBA strength should be significant for those
coatings containing carbonyls of nitrogen-containing groups.
Weaker HBA strength is expected for those coatings con-
taining only ether linkages. Three of the coatings also contain
HBD groups (fluaropolyol, poly{amidozime), and abietic acid).
Water and butanol are the only HBD vapors in our data set.
Of these, trends in the respcose to water vapor are most likely
due to HBA strength of the coatings because water has
stronger HBD than HBA strength and has no aliphatic
character. For this reeson, coatings wers listed on the x axis
of Figure 3 in order of decreasing response to water.

The results in Figure 3 show that the relative coating re-
sponses to watsr tand to follow the relative HBA strengths
estimated from the weight percentages of the HBA functional
groups in the coating structures. This confirres that hydrogen
bonding interactions are important and justifies consideration
of the simple scals in Table II. While water also has con-
siderable dipolarity/polarizability properties, the data indicate
no correlation with polarity. Nonpolar isooctane does not
exhibit a trend opposits to that exhibited by water nor does
polarizable dichloroethane follow any apparent trend. The
other HBD vapor, 1-butanol, exhibits a different response
pattern. This may be due to greater HBA strength and more
organic character relative to water.

On the low end of this scals, poly(isoprene) is the only NHB
vapor coating in this study. It exhibits a much larger response
to the NHB vapor iscoctane than any other coating, with the
exception of abistic acid. In addition, the responses of
poly(isoprene) to other NHB vapars (dichloroethane, toluene,
and diethyl sulfide) are larger than for the HBA and HBD
vapors in class 2. In general, the other coatings exhibit higher
responses to class 2 HBA vapors, particularly TBP and bu-
tanol, than to the NHB vapors.

The bar graphs in Figure 4 and the data in Table III in-
dicate that all the costings, except poly(vinylpyrrolidone), have
a fundamental similarity. They are more sensitive to class
1 than to class 2 vapors. Cluster analysis helps to more clearly
identify similarities and dissimilarties among the coatings. In
the dendrogram in Figure 7, fluoropolyol, poly(ethylene ma-

* leate), and PVP stand out as being most dissimilar to other
~oatings and aiso dissimilar to one another. These results can
be related to the data by examining the bar graphs in Figure
3. Relative to the other coatings, fluoropolyol has very strong
response to DMMP, a weak response to water, and average
responses to tributyl phosphate and isooctane. Poly(ethylene
maleate) exhibits strong response to DMMP, water, and
tributyl phosphate, and an average response to isooctane.
Poly(vinylpyrrolidone) has strong responses to water and
tributyl phosphate, but gives the weakest responses to DMMP
and isooctane. In relating the dendrogram results to structure,
it is worth noting that poly{vinylpyrrolidone) may be the most
basic of the costings in the data set. Poly(ethylene maleate)
may be the most polar, since it has polar groups in the
backbone and no side chains. Fluoropolyol is distinctive in
its combination of structural features, such a fluoroaliphatic,

. aromatic, ether, and hydroxyl groups.

Similarities among the coatings are shown in the dendro-
gram by the clustering of poly(isoprene), octadecyl viny!
ether/maleic anhydride copolymer, and OV210. These all
have substastial hydrophobic character. The cluster con-
taining poly(epichlorohydrin), abistic acid, acrylonitrile/bu-
tadiens copolymes, aad poly(amidoxime) is of interest because
poly(amidozime) is a modification of the scrylonitrile /buta-

‘ dmmpolync. The modification crested a small percentage
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{0.07) of HBD groups. As a result, poly(amidoxiine) clusters
slightly closer to abietic acid, which also has HBD froupes, than
to its parent polymer. A previous study of 27 coating materials
on piezoelectric sensors demonstrated that clustering of these
materials may be influenced by structural similarities (7).
Fewer coatings were used in our data set, and the coatings
employed were structuraily more diverse. As a result, such
clustering is not as evident.

CONCLUSIONS

The solubility properties considered in this paper were
systematically demonstrated to be important factors in de-
termining SAW sensor responses. The exceptions noted in-
dicate the limitations of using bulk solution values in de-
scribing dilute solutions and also indicate that additional
properties not yet considered may also exert some influence.
Solubility properties currently provide the best rationale for
selecting or designing coatings for specific applications. A
more detailed investigation of the relationship between
structure and observed solubility properties would also fa-
cilitate the selection and design processes.

Pattern recognition techniques were valuable in extracting
information regarding vapor/coating interactions from this
multidimensional da*a set. In addition, it is clear that the
combination of muitiple sensor arrays of coated SAW devices
and appropriate pattern recognition software will provide a
sensor system that can be selective as well as sensitive for a
broad spectrum of compounds.
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Determination of Partition Coeificients from Surface Acoustic
Wave Vapor Sensor Responses and Correlation with
Gas-Liquid Chromatographic Partition Coefficients
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Surface acoustic wave (SAW) devices coated with a thin fitm
of a siationary phase sense chemical vapors in the gas phase
by detecting the mass of the vapor that distributes into the
stationary phase. This distribution can be described by the
partition coefficient. An equation is presenied that allows
partition coefficients fo be calculsted from SAW vapor sensor
frequency shitts. The experimeutal responses of fluoro-
polycl-coated 138-MHz dual delay ine SAW vapor sensors are
converted to partiion coefficients by this method, and these
results are compared with partition coefficlents determined
by gas-liquid chvomatography. These two methods rank the
vapors in the same order of Increasing sorption, but individual
partition coefficient values are not always In precise agree-
ment. The influence of temperature and gas-phase vapor
concentration on vapor sorption Is also examined.

The use of surface acoustic wave (SAW) devices for sensing
chemical vapors was first reported in 1979 (1) and has since
been investigated by several groups (2-19). SAW devices

function by generating mechanical Rayleigh surface waves on

a thin slab of a piezoelectric material (such as quartz) that
osacillates at a characteristic resonant frequency when placed
in a feedback circuit with a radio frequency (rf) amplifier (7).
The oscillator frequency is measurably altered by small
changes in mass or elastic modulus at the surface of the SAW
device. Vapor sensitivity is typically achieved by coating the
device surface with a thin film of a stationary phase that will
selectively absorb and concentrate the target vapor. Vspor
sorption increases the mass of the surface film and a shift in
the oscillator frequency is observed. SAW devices offer many
advantages as chemical sensors including amall size, low cost,
ruggedness, and high sensitivity. A further advantage is the
potentia) for these sensors to be adapted to a varisty of

. gas-phese snalytical problems by designing or selecting specific
coatings for particular spplications. Methods to quantify
vapor sorption and to understand the solubility interactions
responsible for vapor sorption_will facilitate coating devel-
opment.

Equilibriuin sorption of ambient vapor into the SAW device
coating represents a partitioning of the soluts vapor between
the gas phase and the stationary phase. This process is il-

lustrated in Figure 1. The distribution can be quantified by

a partition coefficient, K, which gives the ratio of the con-

centration of the vapor in the stationary phase, C,, to the

concentration of the vapor in the vapor phase, C,
K=C,/C, _ (1)

An equation is derived berein tha. allows X to e calculated
directly from observed SAW vapor sensor frequency shifts.
This conversion provides a method of normelizing empirical
SAW data in & way that provides informatios ahout the va-

por/coating sorption equilibrium.

As a sorption detector, the SAW sensor Ja similar to the
bulk-wave piezocelectric (BWP) crystal detes - first reported
by King (20, 21). A linear relationship bet cen the BWP
crystal frequency shift (A/) and K was later evived by Jan-
ghorbani and Freund (22). These authors investigated the
use of coated BWP crystals as gas chromatographic detectors
and demonstrated that peak areas wers linearly related to
retention volumes for three n-alkanes on squalene. (Retention
volumes are directly proportional to K.) Edmonds and Wes*.
demonstrated that the responses of a tricresyl phosphats
coated BWP crystal to five vapors at 30 °C correlated with
relative gas-fiquid chromatographic (GLC) retention times
at 93 °C; these results provided qualitative experimental
support for the linear relationship between Af and K (23).
Alder et al. have also noted that thers is a relationship between
Af and K, and that the slope of response—concentration plots
should provide a measure of X (24). The relevance of K to
SAW vapor sensor responses has also been previously noted
(6,8). The frequency shifts of a poly(ethylene maleate) coated
devics in rspenss to five vapors were compared with relative
K values estima®>d by using solubility parameters (8).

None of the previous studies, however, have calculated
partition cosfficients from sensor responses or compared them
with absoluts values of K determined by any other method.
This is due, ia part, to the scarcity of literature dats on ab-
solute K values, especiaily near ambient temperatures. We
have therefose begun measuring sbeohute X values by GLC
at 25 *C for s wide variety of vapors on SAW coating materials,
with several sbjectives in mind. First, we wish to use GLC
as an independent method of measuring sorption into our
coating materisis and to compare K values determined by
GLC with X walues determined from SAW measurements.
Dartition cosfficients provide the best availsble first ap-
proximation for the prediction of SAW sensor responses.
Second, the database of GLC K values can be correlated with
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Figwre 1. Distribution of vapor between the gas phase and the sta-
tionary phase which is quantified by the partition coefficient, K.

vapor solvatochromic parameters which describe vapor solu-
bility properties (25-28). These correlations yield regression
equations that predict K values for additional, unmeasured
vapors whose solvatochromic parameters are known (29).
Third, the coefficients in these equations provide a method
for characterizing the solubility properties of the coating
materials (29).

In this paper, we develop the equation relating SAW fre-
quency shifts to K values and introduce the methods used to
pursue the objectives above. We specifically examine the
sorption of nine vapors into a soft oligomeric material referred
to as fluoropolyol. This material was chosen on the basis of
a prior study where several diverse stationary phases were
applied to SAW devices and exposed to a range of chemical
vapors (5). The fluoropolyol-coated sensor gave some of the
highest responses observed. These results prompted us to
begin a more extensive investigation of its sorption behavior.

THEORETICAL DEVELOPMENT

The change in oscillator frequency, Af,, observed when a
bare SAW device is coated with an isotropic, nonpiezoelectric,
nonconducting, thin film has been described by

Fihp - kron| 22[ 222 2
Af, = (ky + R))F?hp - R, U—R; A+ 2 2)

where k, and k, are materiel constants for the piezoelectric
substrate, F is the unperturbed resonant frequency of the
SAW oscillator, which is determined by the geometry of the
interdigital transducers fabricated onto the surface, h is the
coating thickness, p is the coating density, u and A are the
shear modulus and Lamé constants of the coating, and vy is
the Rayleigh wave velocity in the piezoelectric substrate (7).
The second term in this equation depends on the mechanical
properties of the film and is often negligible for soft organic
materials. If the mechanical properties are neglected, then
eq 2 reduces to eq 3, which describes the perturbation in
frequency caused by the mass of the applied film (7). This

Af, = (R, + Ry)F?hp (3)

treatment assumes 100% coverage of the device active area.
The product of the factors A (filir thickness in meters) and
p (film density in kilograms per cubic meter) in this equation
is simply the mass per unit area. Therefore the frequency
shift, Af,, in hertz, caused by application of the thin film
coating onto the bare SAW device can be expressed as

o Af, = (ky + k))FPm,/A (4)
The variable m, is the mass of the coating in kilograms and
A is the coated area in square meters. The frequency shift,

4Af.. in hertz, caused by absorption of the vapor into the coating
can be expressed similarly as

Aof, = (ky + R)F’m /A v (5)
The variable m, is the mass of the vapor in the stationary

. phase coating. Dividing eq 5 by eq 4 and resrranging gives _

eq 6, which is identical with an equation derived by King for
coated BWP crystal detectors (20).

A/, = Afumv/m. (6)

The mass of the vapor in the stationary phase coating is
the factor of greatest interest. It can be related to the con-
centration of the vapor in the stationary phase C,, in grams
per liter, by

C, = m,/V,(0.001 kg g™¥) 1Y)

V, is the volume of the stationary phase in liters. Now,
substituting eq 7 into eq 3 and rearranging gives

m, = KC,V,(0.001 kg g™ (8)

C, is the concentration of the vapor in the gas phase in grams
per liter. Finally, substitution of eq 8 into eq 6 relates Af,
to K as shown in eq 9.

Af, = AfKC,V,(0.001 kg g)/m, ©)

This result can be further simplified by noting that V,/m,
is the reciprocal of the density, p, of the stationary phase. If
Af, is converted from hertz to kilohertz, the 0.001 conversion
factor cancels out. The final result is

af, = AfCK/p (10)

where Af, is the vapor frequency shift in hertz, Af, is the
coating frequency shift in kilohertz, p is the coating density
in kilograms per liter (grams per milliliter), C, is the vapor
concentration in the gas phase in grams per liter, and K is the
partition coefficient. Experimenia.ly, 4f, is determined when
the vapor-sensitive coating of density p is applied to the bare
SAW device. 4f, is measured wt 2n the sensor is exposed to
a calibrated vapor streéam of concentration C,. The units of
C,, grams per liter, are appropriate since dynamic vapor
streams are typically prepared by diluting a measured mass
flow (grams per minute) into a known volumetric flow (liters
per minute) of carrier gas (30, 31I). These units are also easily
converted to micrograms per liter, which is equivalent to the
international standard of milligrams per cubic meter for
gas-phase concentrations. Equation 10 provides a simple
relationship for calculating K values from measurable sensor
characteristics. The relationship is independent of the specific
SAW substrate, having no dependence on SAW device fre-
‘quency (F) or piezoelectric material constants (k;, k,). By
The assumptions inherent in eq 10 are that the SAW device
functions as a mass sensor (mechanical effects are negligible)
and that the observed mass change is due to partitioning of
the vapor between the gas phase and the stationary phase
coating. In this regard, the equation represents a solubility
model, i.e. dissolution of the solute vapor into the solvent
stationary phase. One additional assumption is made in the
substitution of the reciprocal of the stationary phase density,
p for V,/m, in eq 9. The variable m, is the mass of the
stationary phase, whereas V, is actually the volume of the
stationary phase when an equilibrium quantity of vapor has
been absorbed. This volume is assumed to be equal to the
volume of the stationary phase itself. As long as the mass
loading of the stationary phase by vapor is low, as it will be
for low vapor concentrations or weakly sorbed vapors, this

. .assumption is reasonable.

Equation 10 is related (but not i&enﬁcal) to equations in
ref 22-24 which describe the relevance of K to the responses
of coated BWP crystal detectors.

EXPERIMENTAL SECTIONS

Materials. Fluoropolyol is a cleaz, very viscous oligomeric
msterial, whose repeat unit is illustrated in Figure 2. The
fluoropolyol used in these studies was provided by Dr. Jim Griffith
of the Naval Resesrch Laboratary Polymeric Materials Branch.

~
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Figure 3. Schematic diagram: of a 158-MHz dusl SAW delay ine
mounted on 8 TO-8 style package with wire-bonded electrical con-
nections.

These types of msaterials are prepared by methods described by
O'Rear et al. (32). The density of fluoropolyol was measured by
using s bulb with s calibrated vertical stem. (Fluoropolyol's high
viscosity precluded the use of a density bottle or a pycnometer
tube.) The bulb was weighed before and after adding fluoropolyol
and placed in a thermostated bath. The resulta ct various tein-
peratures are as follows (T (°C), » (g mL"): 25, 1.6530; 40, 1.6322;
60, 1.6044; 90, 1.5629. Ths glass transition temperature of
fluoropolyol is 10 *°C, determined by DSC.

‘The liquid solvents used to generats vapor streams were com-
mercial materials of greater then 99% purity, except diethyl sulfide
(38%, Aldrich) and ditnethyl methylphosphonate (DMMP) (97%,
Aldrich). The solutes used in the GLC measurements were also
commercial materials used as received; the GLC method does not
require bighly purified compounds.

158-MHz SAW Device. The 158-MHz dual SAW devices used
in this study, shown in Figure 3 (Microsensor Syitems, Inc.,
SD-158-A) were fabricated on ST cut quartz substrates approx-
imstely 0.5 cm square, with Al interdigital fingers. The entire
surface was protected with ca. 200 A of silicon dioxide. The input
interdigital tranaducer for each SAW device consisted of 75 pairs
of eloctrodes with each pair repested at 20-um intervals (i.e. an
acoustic wavelength of 20 um). The acoustic aperture was 70
wavelengths (i.e. 0.1400 cm). The output interdigital transducer
was spaced 10 wavelengths (i.e. 0.0200 cm) from the input
transducer and consisted of 100 pairs of electrodes also having
each pair repeated at 20-um intervals. The edges of the quartz
substrata beyond the ends of the delay lines were cut 5® out of

. parallel with the IDT fingers to send acoustic reflactions off-axis.
This chip was epozied onto a conventional gold-plated, 12-pin,
TO-8 style integrated circuit package and elzctrical connections
were made from the SAW interdigital electzodes by mesns of
ultrasonically welded 1-mil gold wires. After one delay line was
coated withfluoropolyol, the device was covered and sealed by
;‘:ichl-phud lid with tws }/,cin. stainless steel tubes for vapor

rf Electronics. The SAW sensor packages wers plugged into
Mmuum Syoum. Inc.. RFM 158A RP electroma modules.
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“his circuitry oper-ies esch delay line of the dual delay line

devices as @ resonating clement in an nscillator circuit. The
frequencies of the two oscillators are mixed to provide a low-
frequency difference signal. Two experimental systems were
employed. Tha first consisted of four rf electronics modules, a
power supply, and plumbing connections for delivering gas to the
sensors (Microsensor Systems, Inc, SAS-158A). This system
outputs the difference signals of each of the rf modules. The
second system contained one rf electronica module, a buffer am-
plifier, and & power supply (Microsensor Systems, Inc., SPM-
158A). This system outputs both the individual delay line fre-
quencies and their difference frequency.

Vapor Sensor Coating. Vapor sensors were prepared by
spraying a diluts solution of fluoropolyol in chloroform through
s mask onto one delay line of a dual delay line SAW device. The
spray was generated with an airbrush and was distributed over
the entire surface of the delay line, including the interdigital
transducers (IDT). The remaining uncoated delay line served
as & reference sensor to provide temperature and pressure com-
pensation. During coating, the cscillator frequencies of both the
individual delay lines and their difference frequency were mon-
itored. The changs in the frequency of the delay line (Af,) provides
a measure of the amount of coating applied (7). Two sensors,
labeled A end B, were prepared. Sensor A had 228-kHz fluoro-
polyol on the coated delay line and 5 kHz on the reference line,
for an effective coating of 223 kHz when the difference frequency
is monitored. Sensor B had 222 kHz on the coated line and 1
kHz on the reference, for an effective coating of 221 kHz. The
average thickness of these coatings (e.g. for 222 kHz) calculated
according to eq 3 is 40 nm, using values of -8.7 X 10™* and -3.9
X 10%m?s kg™ for A, and k; on ST cut quartz (33). Given that
the area of the IDTs and the space between them is 0.052 cm?,
this corresponds to 0.37 ug of material on the active surface.

Vaper Stream Generation. Vapor streams for testing sensors
were genersted from gravimetrically calibrated permeation tubes
o¢ gravimetrically calibrated bubblers using an sutomated va-
por-generation instrument described in ref 31. This instrument
generates selected vapor streams, dilutes them, and delivers a
programmablie flow rate of either clean carrier gas or the diluted
vapor streams to the sensor. The instrument is controlled with
an Apple Ile computer.

For these studies the carrier gas was dry air delivered to the
sensor at ambient pressure. Dimethyl methylphosphonate and
N ,N-dimethylacetamide vapor streams wers generated by using
from bubblers. Vapor streams from bubblers were diluted to
4-26% of saturation prior to delivery to the sensors. The flow
rate of vepor stream to the sensor wes 100 mL/min. )

Senser Response Dats Collection. Frequency messurements
were made with a Phillips PM6674 frequency counter. The data
were tranaferred over an IEEE-188 bus to an Apple Ile computer.
This computer wes in communication with the computer con-
trolling the vapor stream flows so that data collection and vapor
stream operstions were synchronized. The frequency data were
collected at & resolution of 1 Hz. The temperature of the sensor
was monitored with a YSI Model 44TC Telethermometer with
a Type 401 thermister probe placed near the sensor in the rf
electronics module. For the temperature-dependence study, the
entire four-sensor system was placed inside a mechanical eon-
vection oven.

.In a typical experiment, 225 data points wers collected from
each sensor ot 6-3 intervals, The vapor was switched on st point
45, ofT at peint 75, back on sgain at point 135, and off agsin st
point 165. The base line was determined by averaging the ten
points peioe 1o vapor exposurs and ten points well after the
exposure (i.e. prior to the next exposure or prior to the end of
the experieasnt). -mlh\emhumtmmgahthcbm
line. The responss was determined from the sverage of ten pointa
prior to turnif'g the vapor ofl. Base-line drift was usually negligible

" but was sometimes significant when monitoring the small fre-

quency shilts obeerved from the reference delay line. Bacause
of the sveraging procedurs used above, reference delay line shifts
may not be exactly the same as the difference between the dif-
{erence frequency shift and the costed delay line frequency shift.

Gas-Liquid Chromatography (GLC). Fluotopolyol/gu
pastition cosflicients were determined by GLC using the in-
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Table I. iog Kgsw Yaluce for Fluoropolyel
typical conen sensor, data set ~std dev
range, ug L' Al A2 A3 B.1 B2 Ad min max
DMMP 29-137 6.33 6.21 6.22 6.30 6.28 6.28 0.09 0.15
N.N-iimethylacetamide 11-81 6.37 6.21 6.08 6.18 6.11 6.13 0.07 0.15
1-butanol 1460~-8730 .77 3.81 3.80 3.8 381 3.89 0.02 0.10
2-butanone 25800-148000 3.40 3.34 3.33 341 3.38 344 0.04 0.09
water 1210-7180 3.37 3.17 297 3.00 3.30 341 0.06 0.16
toluene 9680~57300 2.90 2.82 2.80 2.95 2.89 2.90 0.02 0.09
diethy! sulfide 23600-137000 2.77 2.69 2.66 281 -~ 272 2.81 0.02 0.05
1,2-dichloroethane 30500-176000 2.52 2.46 2,40 2.53 2.40 2.44 0.02 0.09
isooctane 22000-129000 2.15 212 2.03 2.25 2.08 210 0.05 0.22
18000 sensor A was collected another 4 months !ater. The tem-
5 perature was 35 & 2 ®*C. The sensor responses were deter-
I 10000 mined from the difference frequencies observed, and the re-
2 s000 sulting log Kgaw values are presented in Table I. (A fluo-
2 . ropolyol density of 1.64 g mL-! at 35 °C, interpolated from
» ] the data in the Experimental Section, was used for the cal-
culations.) The last two columns in the table give the lowest

TIME (MINUTES)

Figure 4. Responss curve for two successive exposures of a fluo-
ropolyol-coated SAW sensor to N ,N-dnethylacetamide at 100 ug L**
oas phase concentration.

strumentation and methodology in ref 34. (In this reference, the
Ostwald coefficient, denoted with an L, is identical with the
partition coefficient defined here in eq 3.) Fluoropolyol (4%
loading) was supported on acid-washed, silanized, Celite Chro-
mosorb G.AW.DMCS (Phase Separations Ltd.) in a 1.5 m long
glass column. ‘Absolute K values for a series of alcohols as standard
solutes, and for water, were determined at 25 and 60 *C by using
He as the carrier gas and a thermal conductivity detector.
Corrections were made for pressure drop across the column (see
eq 4-6 in ref 34) and for gas imperfections (eq 7 in ref 34).
However, the latter were trivial. Three to seven determinations
were made on each alcohol, with standard deviations in log K of
0.01 log units or less. Relative K values were then determined
for a variety of solutes at 25 and 60 °C, using nitrogen as the carrier
gas and a flame ionization detector. Relative K values wers
converted to absolute K values by using the known absolute K
values of the standard solutes, exactly as described in ref 34. A
complete listing of K values will appear in a subsequent publi-
cation. Values for those vapors also used to test SAW devices
are presented below in the results section.

RESULTS

Under a stream cf dry air, the delay lines of the dual delay
line SAW device oscillate at their base-line values, with the
frequency of the coated delay line being lower than that of
the reference delay line. Exposure to air containing a vapor
which is sorbed by the coating causes the coated delay line
fraquency to shift to a lower value. Ideally, the reference delay
line frequency remains unchanged, and the difference fre-
quency between the two delay lines increases, This increase
is taken as the sensor’s response, Af,, and as a measure of
vapor sorption. A typical response curve for two successive
vapor exposures is shown in Figure 4.

Datasets of vapor exposures were collected by exposing the
sensors to each of nine vapors, each vapor at four concen-
trations, each concentration repeated four times. In addition,
dimnethyl methylphosphonate (DMMP) was repeated
throughout the dataset and its reproducibility was very good.
The SAW frequency shifts for each vapor exposure were used
to calculate partition coefficients, denoted Kq,w, according
to eq 10. These were converted to logarithms and the 16
values for each vapor {(or ca. 100 for DMMP) were averaged
and their standard deviation determined.

Three datasets for sensor A and two for sensor B were

collected over a period of 3 months. A fourth dataset for

and highest standard deviations (SD) observed.

The six average log Kgaw values for each vapor are generally
consistent. For six of the nine vapors, the difference between
the highest and lowest values is 0.15 log unit or less. A var-
iation of £0.075 log unit in log Ks\w corresponds to £18%
in the SAW 4/, values. For comparison, the uncertainty in
the vapor concentrations is up to #+15%, depending on the
particular concentration generated (3/). These results dem-
onstrate that fluoropolyol-coated SAW sensors can be {a-
bricated and tested reproducibly and that the responses do
not change over a period of months. Previous results with
fluoropolyol on 112 MHz dual delay line SAW devices have
shown that sensor responses are similar from 1 day to 2
months after coating and that annealing the fluoropolyol film
at 110 °C for 1 h did not influence its performance (3). The
vapor/coating interactions are therefore consistent and re-
producible and fit the model of simple, reversible sorption.

As mentioned above, the difference frequency represents
sorption into the coating only whei: the frequency shift of the
reference deldy line is small in comparison. The reference and
coated delay lines of sensor A were mcnitored individually
during dataset 4 (also the difference frequency, as nsual).
These results are reported in detail in Table II. The fre-
quency shifts are the average of four exposures at each con-
centration. The log Kgaw values datermined from the coated
delay line are very close to those determined from the dif-
ference signal in nearly all cases, in accord with the assumptinn
above. Thus, a ca. 200 Hz shift on the reference delay line
is negligible compared to a 10000-20000 Hz shift on the coated
delay line in respovise to low DMMP concentrations. However,
the reference delay line is not truly inert, as shown by the
shifts in the last column. These shifts become significant when
the shift of the coated delay line is small, e.g. 1000 Hz of less,
as is observed for water and isooctane. In the case of water,
the difference signal does not accurately represent the behavior
of the coated delay line. Indeed, the absolute value of the
reference delay line signal is greater than the absolute value
of the coated delay line signal at Jow water concentrations.

The reference delay line shifts are not monotonic with vapor

. ¢.acentration, nor are the.positive. shifts.often. observed

consistent with simple mass loading of the surface. These
signals most liKely are caused by vapor adsorptxon onto the
glass surface. However, further interpretatior is inappropriate
because the glass surface has not been carefully characterized
and it is slightly contaminated with fluoropolyol. Vapor ad-
norpuon onto clean quartz SAW surfaces has been examined
in detail by Martin et al. (13). The important result here is

t.hag while reference delay line effects are usually negligible,
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Table I1. Detailed Response Date for 8 Fluoropolyol-Canted SAW Vapar Sensor

signs] monitored

difference frequency

custed delsy line

ref delay line

vapor conen, ug/L av Hz log Ksaw sv Hs log Keaw av Hz
DMMP 20 8967 6.52 -8882 6.51 87
46 13723 6.34 --13589 6.33 134
T4 16826 6.22 -16681 6.21 147
117 19334 6.08 -19152 6.07 181
N N-dimethylacetamide 17 5058 6.33 4971 6.32 102
40 3094 6.17 -7946 6.16 143
65 10330 6.07 -10143 6.05 187
102 12254 5.95 -12027 5.93 218
1-butanol 1460 1623 391 ~1450 .85 181
2200 2189 3.86 -1997 3.81 192
4300 4542 3.89 -4313 3.86 231
8:30 9159 3.89 -8802 3.88 359
2-butancne 25800 10894 3.49 -~10556 .47 297
38700 14324 3.45 ~14497 3.43 328
74800 20532 2.43 -26861 341 670
148000 49866 3.39 -47403 3.36 2438
4,0 1210 591 3.56 a0 . 638
1820 680 3.44 ~45 2.16 638
3550 1142 3.37 -472 2.98 670
7180 1882 3.28 -1196 .07 689
toluene 9680 951 2.86 -997 2.87 -44
14500 1394 2.85 -1486 287 -88
28400 3173 291 -3338 2.93 -178
57300 7726 2.99 -7261 2.96 466
diethyl sulfide 23600 2053 281 -1970 278 ~53
35400 2800 276 -2801 276 =112
68700 5933 2.80 ~5979 2.80 -125
. 137670 14376 2.89 -12709 282 1675
1,2-dichloroethane 30500 928 2.35 ~359 235 -27
45700 1449 2.37 -1521 238 -78
83600 3547 248 -3931 250 -282
176000 8800 2.56 ~8824 2.56 ~74
isooctane 22000 255 1.93 -330 2.03 -7
343100 379 1.93 =519 2.05 ~146
64300 1163 212 -1409 2.20 -247
129000 4925 2.45 -3356 227 1570
they must bhe considered when the coated delay lire signals laadd
are small. A truly inert reference would afford some advan-
tages in sensor performance and would cimplify the inter- St g
pretation of vapor sorption. ]
The data in Table II also illustrate the dependence of log lasad ¢
Ks.w on gas phase vapor concentration. For most of the E ’
vapors the calculated /g, w values were constant over the 5 eooe}
concentration range reported. This corresponds to s linear tH
sorption isotherm, as illustrated for 1-butanol in Figure 5. 1000t
The nusnber r2x1 to each data point is the corresponding Ko w .
value. A linear sorption isotherm represents ideal solution ol b - . -
behavior and is classified as type I sorption (35). The sorption * 000 asee sece seeo  rovce
isotherms of DMMP and N N-dimethylacetamide deviated concnrRATION {pasuiveal
significanty from linearity, with Kg,w values decreasing with 28000
increasing concentration. These results are illustrated fo. pune
DMMP in Figure 5. This plot fita the form of type Il sorption 20003}
(35). indicating specific, prefercntial vapor/oligomer inter- ]
action at low concentrations. This inceraction is likely to be D rseeet
hydrogen bond formation between hydrogen bond donating -
(HBD) hydroxyl groups on the fluoropoiyol and hydrogen g'uﬂL
bond accepting (HBA) oxygen atoms on the vapor. H .
The influence of temperature on SAW sensor responses and soce ) ,°
Kgaw values was determined by using DMMP as the test .
vapor. The results at 20 ug L™ DMMP are illustrated in . - s "

Figure 6. The sensor responses-decrease exponentially with
increasing temperature; iog Kgsw values decrease linesrly.

Partition cosflicients wers also determined independently
by GLC, which is a versatile and wall-established raethod of
making such measurements. These partition coefficients,
denoted Kcpe, refer to the solute st infinitcly dilute concen-

. tration. Fluoropolyol was used as the stationary phase st 25

. : [ ] e 180
CORCLNTIRATION (PpOsLITES)

Figure 5. Somtion isotherms ky 3-Dutancl snd DMMP on fluoropolyol.

*C. The GLC peaks at this temperature wers generally broad
and in some casez precise retention volumes (and hence Kc,0)

"+ were difficult to determine. Therelore 26 K¢y values were
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Figure §. Tempersture depandence for DMMP (20 ug L™') sorption
Into fluoropotyol.

Table I1I. Comparison of Jog Kg,w 8nd log K c Values

vapor log Kaw®®  log Keuo'
DMMP 6.52 7.53¢
N.XN-dimethylacetamide 6.33 7.29¢
1-butanol 3.83 3.66
2-butanone 3.38 3.48¢
water 3.20 2.89
toluene 2.58 2.64¢
diethyl sulfide 2.74 2.54¢
1,2-dichloroethine 2.46 1.94¢
isooctane 212 1.22

*Values are averages of those in Table I, except the values for
DMMP and N _N-dimethylacetamide are taken from Table II st
the lowest concentrations tested. *At 35 °C. At 25 °C.
¢Determined from values measured at 60 *C and corrected to 25
*C with eq 11. *Estimated value using a correlation equation.

determined at both 25 and 60 *C, and the following correlation
was found to hold:

log Kopc(25 °C) = ~0.728 + 1.470 log Kcrc (60 *C)
(1)

SD = 0.156, r = 0.986

When retention times were too long to measure at 25 *C, eq
11 and the measured value of Kgyc at 60 °C were used to
estimate the value of K¢ at 25 *C. In one additional case,
diethyl sulfide, the log K¢y c was estimated {rom correlations
we have constructed by use of solvatochromic parameters (see
below).

The log K¢y values are reported in Table II1, along with
log Keaw values for comparison. The log Ks,w values are
averages of those in Table I, except for DMMP and N, N-
dimethylacetamide. In these two cases, the values reported
are for the lowest concentrations examined in order to be more
comparable to log K¢y at infinite dilution. The vapors are
listed in order of decreasing log Kcaw-

DISCUSSION

n = 23,

The order of decreasing log X in Table 111 is identical for

the SAW and GLC mcasurements. This result demonstrates
that relative retention times for various vapors on a GLC
column with-a given stationary phase should be a reliable
indicator of the relative sensitivities of a similarly coated SAW
devics to these vapors. This requires, of course, that the GLC
measurement anml SAW sensor operation be st similar tem-
perature.

Beyond this qualitative correlation, the values of log Kgaw
and log K¢y for individual vapors are not always in precise
sgreement. The log K¢uw values for the most strongly sorbed
vopors, DMMP and N N-dimethylacetamide, are 1 log unit
less than the log K¢yc values, indicating that the frequency
shifts that wouid be predicted by K¢t and eq 10 would be
10 times higher than the SAW frequency shilts actuaily ob-
served. Nevertheless, the K¢ values are correct in predicting
that Xeaw values for these two vapors should be very much
higher than those for all the other vapors. For the remaining
vapors the log Kszw values differ from the log Kgye values
by varying amounts. The best agreement is seen for 1-butanol
and 2-butanone, whers the log X values differ by 0.17 and 0.10
log units, respectively. The poorest agreement is seen for
isooctane, where the log K values differ by 1 log unit.

Two experimental factors that are expected to cause K w
and K¢ ¢ values to vary from one another are differences in
the gas phase vapor concentration and differences in mea-
surement temperature. A third factor that may cause dif-
ferences is the assumption in eq 10 that the SAW sensor
response is based on mass effects alone; if mechanical effects
are significant for a particular vapor/coating interaction, then
the calculated log K¢, w vaiue will be inaccurate.

Gas phase vapor concentration can cause differences be-
cause the GLC measurement refers to conditions of infinite
dilution, while the SAW measurement is necessarily carried
out at finite vapor concentrations. If the sorption isotherm
is linear, as shown for 1-butanol in Figure 5, then K will be
independent of concentration and K¢ w and Ko should
agree. However, a curved isctherm, as observed for DMMP,
will cause Kg\w and K¢ to differ. Extrapolation of the
DMMP isotherm to lower concentrations shows that K, w will
increase, which would give better agreement with the K¢ ¢
measurement. '

The influence of increasing temperature is usually to cause
partition coefficients to decrease. Therefore Kg, w values at
35 °C should be less than K1 values at 25 *C. While this
was observed for DMMP and N, N-dimethylacetamide, it was
not true for all the remaining vapors and cannot fully account
for differences between Kg,w and K¢ .

Nevertheless, the temperature effects defined experimen-
tally in Figure 6 and eq 11 are worth examining for practical
reasons. The results demonstrate that precise thermostating
of a SAW sensor o fractions of a degree is clearly not critical,
but variations of ten degrees may influence sensor response

- and reproducibility. The form of eq 11 demonstrates that

temperature effects will be largest for the most strongly sorbed
vapors. For example, DMMP sorption with log K¢y ¢ of 7.5
at 25 °C is predicted to be 7.0 at 35 *C, a difference of 0.5 log
unit. By comparison, a log K value of 3.0 at 25 *C becomes
2.9 at 35 *C, a difference of only 0.1 log unit. Therefore
increasing temperature reduces selectivity in addition to the
sensitivity.

The temperature effect and the overall correlation in the
order of Kgyw and K¢y values are consistent with the sorpticn
model. Accordingly, partition coefficients are a useful concept
for interpreting SAW sensor behavior (6, 8), and a more de-
tailed consideration of the factors responsible for sorption is
warranted. Since partitioning represents dissolution of a solute
vapor into the solvent stationary phase, solubility interactions
must be relevant in determining sensor responses (5).

The order of the partition coefficients in Table 11 provides
a simple illustration of the importance of vapor solubility
properties. The lowest K values are those of isooctane, a solute
that is not dipolar or polarizable and cannot form hydrogen
bonds. Solutes that are more polarizable, such as dichloro-
ethane, toluene, and diethyl suifide, have grester X values than
iscoctane. However, thesz solutes are still incapabia of hy-




drogen bonding. The top of the list, from water to DMMP,
contains exclusively those solutes that can accept and/or
donate hydrogen bonds.

One additional factor influencing vapor sorption is Lhe
saturstion vapor pressure of the solute vapor. All other things
being equal, lower saturation vapor pressure will iead to longer
retention times on the GLC, higher K valuen, and higher SAW
sensor responses. In ‘l'able 11, DMMI', N N-dimethylocet-
amide, and 2-butanone are all hydrogen bond acceptors. The
K values for the lower saturation vapor pressure (ca. 1 Torr)
vapors, DMMP and N N-dimethylacetamide, are much higher
than thoss for 2-butanone (saturation vapor pressure ca. 100
Torr).

Solubility interactions can be placed on a more quantitative
scale by the use of solvatochromic parameters, which describe
the dipolar and hydrogen bonding properties of the solute
vapors (25-28). Such parameters are available for a wide range
of vapors, but similar parameters are not yet available for very
many coating materials. In order to better understard va-
por/ coating interactions, it will be necessary to also charac-
terize the solubility properties of the stationary phase coatings.
In eddition, it would be desirable to be sble to predict partition
coefficients for any vapor with any chsrac’erized phase.
Methodologies to accomplish this are being developed using
equations of the general form shown in eq 12 (29).

log K = constant + sx* + ga + bg + [ log L' (12)

In this equation, the parameters =°, a, §, and log L'*
characterize the soluts vapor. »®* measures the ability of a
compound to stabilize a neighboring charge or dipole. For
nonprotonic, aliphatic solutes with a single dominant dopole,
#* values are approximate'y proportional to molecular dipole
moments. a and 8 measure solute hydrogen bond donor
acidity and hydrogen bond acceptor basicity, respectively. L'¢
is the Ostwald solubility coefficient (partition coefficient) of
the solute vapor on hexadecane at 25 °C and provides a
measure for dispersion interactions. The coefficients s, a, b,
and ! are determined by multiple regression analysis and
characterize the stationary phase. For example, b, as the
coefficient for solute hydrogen bond acceptor basicity, provides
a measure of the stationary phase hydrogen bond donor
acidity. For any particular stationary phase/vapor interaction,
evaluation of the individual terms (such as b5) and comparison
of their magnitudes allow the relative strengths of various
solubitity interactions to be sogted out and examined.

The complex structure of fluoropolyol provides an inter-
esting test case for these methods. This material contains a
variety of functionalities which provide polarizability, dipo-
larity, hydrogen bond scceptor sites, and hydrogen bond donor
sites. But the structure alone does not allow precise predic-
tions of which interactions will be most important in deter-
mining the sorption of a particular vapor. Full characterization
of fluoropolyol by GLC measurements and equations of the
form in eq 12 is in progress, and we hope to report on thix work
soon. In addition, various other polymeric stationary phases
that have been useful as SAW sensor coatings are being ex-
amined. Once a regression equation has been determined for
a given phase, partition coefficients can be predicted for any
vapor whoss solvatochromic parameters are known.

Ultimately, it would be useful to be able to predict SAW
vapor sensor responses by using partition coefficients and eq
10. Although this cannot yet be done on a strict quantitive
basis, it is clear that the sorption model and partition coef-
ficients provide the best availsble first approzimation for
estimating SAW responses. These methods can provide useful
guidance in the selection snd use of coating materials for
apecific sensing applications. In addition, an understanding
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of the factaurs governing vapor sorption and the interactions
occurring between specific vapors and coating aids in the
design of useful coating materials.
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ABSTRACT

Surface acoustic wave devices coated with 2
thin film of a stationary phase sense chemical vapors
in the gas phase by detecting the mass of the vapor
which distributes 1nto the stationary phase. This
distribution can be described by a partition
coefficient. An equation is presented which allows
partition coefficients to be calculated from SAW
vapor sensor frequency shifts, and results are
presented for nine vapors into SAW coating
“fluoropolyol”. Partition coefficients have also been
determined independently by GLC and the results are
in good agreement. The relationship between SAW
&e%t;ency shifts and partition coefficients allows
SAW sensor responses to be predicted if the partition
coefficient bas been measured by GLC or if it can be
estimated by various correlation methods being
developed. .

INTRODUCTION

Surface acoustic wave (SAW) devices have been
investigated by several goyPs for sensing chemical
vapors in the gas phase 'Y, The frequency of a

- SAW device in an oscillator circuit is measurably
altered by small changes in mass or elastic modulus
at the surface. Vapor sensitivity is typicall
achieved by coating the device surface with a thin
film of a stationary phase which will selectively
absorb and concentrate the target vapor. Vapor
sorption increases the mass of the surface film and a

ift in the oscillator frequency is observed. SAW
devices have the potential 10 be adapted to a variety
of gas phase analytical problems by strategic design
or selection of coating material. Full realization of
this potential will require methods to quantify,
understand, and Y to predict the vapor/coating
interactiots responsible for vapor sorption. :

Sorption of ambient vapor into the SAW device
coating until equilibrium is reached represents a
partitioning of the solute vapor between the gas

~phase and the stationary phase. This process is

ment of Chemistry
versity of Surrey
Guildford Surrey GU2 5XH, United Kingdom

illustrated in Figure 1. The distribution can be

uantified by a partition coefficient, K, which gives
the ratio of the concentration of the vapor in the
stationary phase, C, to the concentration of the
vapor in the vapor phase, Cy, (equation 1).

Cy

An equation is derived herein which allows K to be
calculated direcu% from observed SAW vapor sensor
frequency shifts. This conversion provides a
standardized method of normalizing empirical SAW
data, and does so in a way that provides information
about the vapor/coating equilibrium.

In this investigation, we examine the stationary
phase referred to as "fluoropolyol”, whose structure
1s shown in Figure 2. SAW vapor sensors coated
with this soft, polymeric matgrial bave high sensi-
tivity to certain toxic vapors<. Partition coefficients
bave been determined for nine vapors using SAW
sensor frequency shifts. In addition, partition
coeflicients for the same vapors into fluoropolyol
were determined independently by gas-liquid
chromatographic (GLC) measurements. The values
resulting from these two different techniques are in
good agreement.

These results demonstrate that the mechanism

of action of a coated SAW device is the same as
that of GLC, ie, reversible absorption of the vapor
in the gas into the stationary phase. This
confirms the solubility model for the interaction of
vapors with the SAW coating; ie., the solute vapor
dissolves and distributes into the solvent stationary
phase. Finally, the correlation between SAW vapos
sensor responses and GLC pantition coefficients
creates a means for predicung SAW sensor behavior.
Thus, if GLC partition coefficients are available from
experimental measurement, or can be reliably

edicted, then SAW vapor sensor responses can also

predicted.
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Figure 1. Distribution of vapor between gas phase
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Figure 2. Fluoropolyol structure.

EQUATION RELATING SAW FREQUENCY
SHIFT TO THE PARTITION COEFFICIENT

The cbange in oscillator frequency observed
when the mass on the surface of the SAW device
increases can be described by equation (2).

81 = (k) +X2) fo?m
A

2)

Af is the frequency change; m is the mass increase;
ky and k2 are material constants for the
piezoelectric substrate; {, is the unperturbed
resonant frequency of the device; and A is the active
sensing area. It can be derived that the frequency

~ shift &Afy) caused by the mass of vapor absorbed
into t

e stationary phase coated on a SAW device is
r;l)ated to the partition coefficient (K) by equation
(3).

afs GV K

]

v-

)

Afy is obtained in Hz when afy (the frequency shift
caused by the mass of the stationary phase applied
to the device) is expressed in KHz, Cy (vapqr
concentration in the 3as phase) is i::lihler' . and

o (stationary phase Jemnw) isingmbL-!. The
principal assumption inherent in equation (3) is that
the SAW device functions as a mass sensor only,
mechanical effects being negligible.%- In addition, it
is assumed that mass loading of the coating by vapor
is low, since high mass loading would cause the

~ coating density to change.
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PARTITION COEFFICIENTS DETERMINED
FROM SAW VAPOR SENSOR
FREQUENCY SHIFTS

SAW vapor sensors were prepared by spray
coating ooe delay line of a dual delay line Ag)l
device with a dilute solutiqp of fluoropolyol, as has
beea described previ ., The fluoropolyol coating
mthe!’m:genqof device to change by an
amount Afs, which provides a measure of the

amount of coating material bayp;)llied. Tl;ym sensors
were sested against vapors ternately exposin
them 10 clean air or a calibrated vapor stream usfng
an amomated vapor-generation instrument described
in reference 11, "The change in the frequen

observed when the gas over the sensorwasgn.ngcd
from dlean air to vapor gives the frequency shift
caused by the vapor. For reliable measurements of
K, this shift must be determined oniy after the
ls:&sfhs reached a stable, equilibnum response

httfirtion coefﬁc{eat? v;c)re glmhwd'fror(r; )the
observed frequency shifts (Afy) using equation (3).
These values will be referred to as gAwpuﬁﬁon
coefficents and denoted Kgaw. Each sensor was
to each vapor at 2 mummum of two different
concentrations (usually four, sometimes seven
different concentrations) and as least four ug_osures
a: each concentration. A SAW partition coetficient
was calculated for each vapor e, and these
values were converted to logari Then, all the
log Kgaw values for each vapor on a particular
sensor wese averaged. Finally, the resuits from all
sensors were averaged and are reported in Table 1.
These results represents nearly 900 measurements of

SAW frequency shifts.

Table L Log Ksaw and Log KGLc Values

Vapors LogKsaw? LogKgLCP
g%aceumide gg | ;.";3:
1] X

1-Butasol 324 3.66
2-Butamone 315 3.48¢
Water 288 289
Diethyl Sulfide 278 2.544
Toluene 2.69 2.64€
1,2-Dichloroethane 239 1.94€
Isooctane 1.97 12
2 These values are averages from sensors described

in the text.
b A12980K.
€ Dewermined from values measured at 333°K and
d corrected to 2989K with equation (4).

Estimated value using a correlation equation.

Three sensors were examined in this study.
Ofnsmsaﬁv dev-:e was coated with 20 K'.:I-lz
0 tested against vapors one wee
later. Two 112 MHz devices were coated with 106
and 108 KHz, respectively, and were tested both one
day and two months after coating. R cibility
was goed and ~ging appeared to have little effect.
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Data from device 1o device showed some systematic
variation, which could be most easily explained by
errurs in the measurement of the coating material
applied. However, the actual source of the vaniation
is not definitely known.

PARTITION COEFFICIENTS MEASURED
BY GAS-LIQUID CHROMATOGRAPHY

Partition coefficients for a wide variety of
solute vapors v;;re :!he;]emmedl byl gas;’l:qux
chromato with fluoropolyol as the stationary

hase, tmg: g:ethods dest:ﬂggclv in reference 12,
artition coefficients as defined in equation (1) are
actually identical to the Ostwald solubili
coeffiaents usually denoted as L. We will use the
bol K, and refer to GLC partition coefficients as

LC-

GLC peaks on the fluoropolyol were generally
broad, especially at 2989K. Therefore, 26
values were Jetermined at both 298CK and and
the following correlation was found to bold:

log KGLC (298K) = <).728+ 1470 log KGLC (333K}
n = 26,5d = 0.156, r = 0.986 “@

When retention times were too long to measure at
2989K, equation (4) and the measured value of KGLC
at 3339K were used to estimate the value of KGLC

at 298°K. Equation (4) shows that thermostatting a
SAW sensor to fractions of a degree is not critiaﬁ
However, changes of 5 to 10 degrees (e.g. due to
varying ambient conditions) will become significant,
especially for solutes with large KGp ¢

Log KL and log Kgaw values for nine solute
vapors are ccmpared in Table 1, with the vapors in
order of dweasin% log Ksaw. All of the GLC
vajues refer 10 298K either by direct measurement,
or via equation (4) as described above. In one
additional case, diethyl sulfide, the log KG1 ¢ value
was estimated from various correlations we have
constructed using solvatochromic parameters. With
the exception of this estimated value, the order of
decreasing log K values is identical for the SAW and
GLC measurements. Indeed, there is good agreement
between all but the highest Log K values, such that

- the SAW sensor frequency shiits could be estimated

using KGLc values and equation (3).
DISCUSSION

The imental conditions for measuring
partition coegcienls with a SAW device are
somewbat different than those for GLC measure-
ments. SAW measurements, for instance, are carried
out at finite vapor concentrations whiie the GLC
measurement usually refers to infinite dilution. In
addition, the SAW measurements reported here were
conducted at ambient temperatures, whiie the GLC

" measurements were rigorously thermostated.  Finally,

the calculation of KgA W assumes that the vapor
causes the sensor to respond based on mass effects
alone; if mechanical effects become significant for a
particular vapor/coating interaction, then the
<calculated Kga w will be altered proportionately.
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"One or more of the above factors may be responsible
for differences in the precise values of log Ksaw
and log KGL¢ sbown in Table 1.

The overall correlation observed clearly shows
that partition coefficients are 2 useful concept for
thinking about SAW sensor behavior (see also
references 3 and 7). Indeed, the calculation of
l(saw values by equation (3) provides a standardized
method of normalizing empirical SAW data which also
provides information about the magnitude of the
vapor/coating interaction. We nave previously
pormalized our data by dividing the sensor response
b¥ the ppm of vapor in the gas phase and the
of coating. Normalization to yield a partition
cvefficient, KsAw is very similar, and requires only
that t}ae vadpor concentration be expressed in g
liter!, and that the density of the stationary phase
coating be factored out, according to equation (3).

The experimental correlation between K1 ¢ and
Ksaw demonstrates that relative retention times for
vanious vapors 0a a GLC column with a given
stationary phase should be a reliable indicator of the
relative sensitivity of a similarly coated SAW sensor
to these vapors. This recuires, of course, that the
GLC measurement and SAW device operation be at
the same temperature. On a more quantitative level,
if absclute KG1 ¢ values are determined, then
estimates for actual SAW sensor frequency shifts can
be made using equation (3). Finally, a clear
relationship between SAW sensor responses and KGLC
values means that methods developed to predict
KGLc values will also be useful in predicting SAW
$ensof responses.

A simple examination of the order of the
ition coefficients determined in this study

sllustrates the importance of solubility properties
{Table 1). The lowest K values are those of
isooctane, a solute which is not dipolar or

larizable, and which cannot accept or donate
ry)drogen bonds. Solutes which are more polarizable,
such as dichloroethane, toluene, and diethyl sulfide
have greater K values than isooctane. However,
these solutes are still incapable of hydrogen bonding.
The top of the list contains exclusively those solutes
which can accept and/or donate hydrogen bonds.
Vapor sorption is also influenced by the saturation
vgfor pressure, PO, of the solute vapor, with lower
v giving larger partition coefficients (for example,
DMMP).

Solubility interactions can be placed on 2 more
quantitative scale by the use of solvatochromic
parameters (13). Such ters are available for a
wide range of vapors which may act as solutes in a
vapor/coating interaction. Uniortunately, similar
parameters are not yet avajlable for a wide range of
coating materials. challenges, therefore, are 10
develop methods to characterize the solubility
properties of stationary phases, and ultimately 10 be
able to predict partition coefficients for any vapor
with any characterized phase. This work is in

ogress, and equations of the general form shown in
Zsr) are beinF used to predict loi KGLg values for

uoropolyol, and for various other stationary phases
which have been useful as SAW device coatings<.




TRANSOUCERS 82

log KGLC = constant + s** + aa

&)
+bd + 1log L16

The variables »*, a, 8, 2nd log L16 describe
tbe solubdility properties of the vapor. = * is the
dipolarity/polarizability; a is the hydrogen bond
donor acidity; %is the bydrogen bond acceptor
basicity; log L15 measures the tendency to partition
into bexadecane. Coefficients s, a, b, and ] describe
the stationary pbase, For example, b, as the
coefficient for vapor g8, measures the hydrogen
bond donor acidity of the stationary phase, Once
the coefficients have been determined for a
particular stationary pbase, then it will be possible
to predict K valuels for all vapors for which »°,

a , 8,andlogL 6 are known. Then, via equation

3), it will be possible to predict the responses of a

AW vapor sensor to these same vapors.

Finally, specific vapor/coating interactions may
sumetimes be encountered where mass effects alone
do not adequately account for SAW sensor response.
Mechanical effects will be implicated in such cases,
but have been difficult to estimate thus far. Using
equation (3) and a measured (GLC) or predicted
(equation (5) K value, it is now ible to calculate
the mass only SAW frequency shifts, and to estimate
the mechanical frequency shift from the difference
between the observed frequency shift and the mass-
only frequency shift.
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Fig. 2. Vapor stream flow system.

solid circles in Fig. 2 and open to allow flow through the carrier gas loop
when none of the bubblers are opened. The flow rate of the carrier gas is
regulated by a 4-200 ml/min air mass flow controiler (FC200). The bubblers
themselves are constructed of 6% inch lengths of 2 inch O.D. stainless steel
pipe, with 1/8 inch thick stainless steel discs (2 inch diameter) welded to
the ends. The top end of each has 1/8 inch stainless steel tubing welced into-

“inlet and outlet holes. The inlet tube extends to 1/2 inch from the bottom
and the outlet tube is flush with the inside of the top.
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The permeation tube box generates a vapor stream by directing the
carrier gas past one of four permeation devices. These devices are closed
tubes containing a liquid chemical, which permeates out through a plastic
barrier and is swept into the carrier gas {2]. The permeation tubes are con-
tained within chambers constructed of 4 inch hex long nipples (1/2 inch
male pipe size) fitted with hex reducing couplings and male connectors on
the ends*. Each such assembly is housed in a Dewar flask and maintained
at constant temperature by a heating tape and thermocouple.

The flow system within the permeation tube box is similar to that of
the bubbler box. Each permeation tube is isolated by a pair of solenoid
valves, bypass valves allow flow through the carrier gas loop when no
permeation tube is open, and the carrier gas flow is regulated by a 4 - 200
mi/min mass flow controller (FC200). However, a second paralle! flow
system is also present so that the permeation tube chambers can be flushed
to vent when they are not being used to generate a vapor stream for sensor
testing. The flushing process assures stable permeation rates by preventing
the buildup of high concentrations of vapor within the permeation tube
chamber and maintaining a stable concentration gradient across the plastic
barrier of the permeation device.

The dilution box contains an arrangement of tubing junctions and
solenoid valves, which mixes various gas streams and delivers a gas stream to
the sensor at point F in Fig. 2. The output to the sensor can be either clean
carrier gas or a vapor stream, and can be switched between the two by
opening and closing solenoid valves in carefully planned sequences. Any gas
streams not being used as part of the output are vented to a hood.

Clean carrier gas flow within the dilution box is regulated by two
10 - 500 ml/min mass flow controllers. This gas proceeds to the sensor ocutput
at F via points C, D and E. Clean carrier gas is used to output 2an air, or it
is mixed with a vapor stream at point D to output a diluted vapor stream.
Initial vapor streams (i.e., prior to their dilution) are supplied by the bubbler
and permeation tube boxes and by a third optional input. Thess can be used
singly or mixed, and proceed to the sensor via points A, B, D and E. The
configuration of solenoid valves in the dilution box is such that the vapor
stream arriving at point B cannot be diluted without sending it to the output
at the same time.

The dilution box also contains the flow reduction system, which will
be explained separately below. Its function is to maintain the output to the
sensor at a constant flow rate, regardless of the total flow of gas required to
generate the chosen vapor concentration.

Solenoid valve control
The solenoid valves in the vapor flow system are controlled in two dif-
ferent fashions, depending on their function. Those valves depicted i Fig. 2

- *Some commercisl permeation tubes come equipped with tube fittings snd can be
incorporated into the system by means ol » simple T junction.
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Precise concentrations of individual vapors can be generated by a
variety of techniques [1]. Dynamic methods that involve the addition of
calibratec amounts of vapor to a flowing stream of carrier gas are generally
preferred over static methods, particularly for very dilute vapors. Dynamic
methods minimize the effects of wall adsorption on calibration accuracy,
and a wide range of concentrations can be prepared by simple manipulation
of the gas flow rates.

The instrument reported here is unique in its ability to generate
dynamic gas streams of a number of vapors (i.e., 12) from either neat chemi-
cal liquid bubblers or calibrated permeation tubes [2]. Moreover, mixtures
of low concentration target vapors derived from permeation tubes (typically
1-100 mg/m?) and high concentration interference vapors derived from
bubblers (typically 100 - 100 000 mg/m?) are easily prepared. The gas stream
output of the instrument can be switched (under computer control) between
the generated vapor stream and clean air so that the zero drift and
reversibility of the sensor can be readily observed. Finally, the flow rate of
the gas being output to the sensor is regulated to a constant vaiue, regardless
of the carrier gas flow rates required to perform the desired dilution. This
unusual capability is accomplished using a servo-controlled piezoelectric
valve to divert all vapor flow in excess of the amount programmed to be
output to the sensor.

Instrument operations are carried out under the control of a micro-
computer, and carrier gas flow rates are metered using electronic mass flow
regulators. The fully automated character of this instrument affords many
advantages including unattended operation during long sequences of tests,
reduced operator exposure to toxic chemicals, and improved measurement
precision. This system is designed to meet the requirements ~f a complete
chemical vapor sensor research and development program.

2. Description of the instrument

Microcomputer interfacing »

The vapor-generation and sensor-evaluation instrument consists of a
vapor flow system to generate and deliver vapor streams to the sensor(s),
and an Apple Ile microcomputer to control and monitor the vapor flow
system. The microcomputer also collects and stores data from the sensor(s)*.
The overall system is shown schematically in Fig. 1.

The microcomputer is interfaced with the vapor-generation system and
sensors by means of four I/O boards. The IEEE-448 I;0 board collects data
from a frequency counter, which measures signals' from surface acoustic
wave (SAW) sensors [3, 4]. This particular 1/0 board.adds great versatility

!

*Alternatively, sensor data can be collected by a second microcomputer in
communication with the first. This configuration is preferred when data must be col-
le;ted from muitiple sensors simultaneously.
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Fig. 1. System interfacing diagram for the vapor-generation instrument.

to the instrument, because other measuring devices such as electrometers can
also be interfaced via the IEEE-488 bus. Signals from many types of sensors
can therefore be easily monitored. Alternatively, data from any sensor or
sensor system whose output is a voltage (e.g., a chemiresistor system [5])
can be collected using the analog to digital 1/O board. This board is also used
to monitou carrier gas and vapor stream flow rates. Automated control of the
vapor flow system is achieved using a digital 1/O board, which commands
sclenoid valves open or closed, and a digital to analog 1/O board, which

. commands mass {low controllers to deliver precise flow rates of carrier gas.

Vepor flow system

The vapor flow system is contained in thrce boxes: the bubbler box,
the permeation tube box and the dilution box. The bubbler and permeation
tube boxes are used to generate vapor streams. The dilution box performs
several functions: vapor streams are selected from one or more inputs,
e.g., from the bubbler and/or permeation tube boxes; the vapor stream or
mixture is diluted; either clean carrier gas or diluted vapor stream is output
to the sensor. In addition, a flow reduction system within the dilution box
regulates the flow rate of gas output to the sensor. The details of the vapor
flow system are shown schematically in Fig. 2. The plumbing is constructed
using 1/8 inch stainless steel tubing and stainless steel Swagelok fittings.

The bubbler box generates a vapor stream by bubbling a controlled
flow rate of carrier gas through a neat chemical liquid. Eight different liquids
are contained in separate bubblers, each of which is isolated from the carrier
gas loop by a pair of solenoid valves. When a particular bubbler is chosen
as the vapor-source, its pair of solenoid valves opens, and all other bubbler
valves and the bypass valves remain closed. The bypass valves are depicted as
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with open circles are turned on (opened) at the command of signals sent by
the digital I/O board in the microcomputer. These valves are used to select
vapor sources and gas streams to be sent toward the sensor. They can be
individually opened by an operator at the computer keyboard or by state-
ments in the software vsed to operate the instrument automatically.

Those solenoid valves depicted by solid circles in Fig. 2 cannot be
controlled directly by either the computer keyboard or software. Instead,
they are controlled by logic circuits in each box, which read the control
signals going to the open circle valves in that box and decide on the proper
operation of the corresponding solid circle valves. For example, the bubbler
box contains a pair of bypass valves depicted by solid circles. The associated
logic circuit has eight inputs, one for cach bubbler, and functions as an eight-
input NOR gate. The output of this gate commands the bypass valves. If
any of the bubblers are open, the bypass is closed; if no bubblers are open,
the bypass opens. Similar four-input NOR gates control the bypasses in the
permeation tube box.

The solenoid valves in the dilution box are arranged in master/slave
pairs on T junctions. The master valves are depicted with open circles and
the slave valves are depicted with solid circles in Fig. 2. The gas flow coming
into a T junction will exit via either the slave valve (to a vent) or the master
valve (toward the sensor), depending »n which is open. The logic circuit in
the dilution box commands the slave valve to be open when the master valve
is closed, and vice versa. The circuit functions by inverting each control
signal for a master valve and using the mverbed signal to control the cor-
responding slave valve,

Designing the vapor flow system with bypass and slave valves auto-
matically controlled by logic circuits assures that an open flow path from
each flow controller to either the sensor or a vent is always maintained.
This avoids no-flow conditions in the flow controllers, and continually
flushes clean carrier gas through any part of the system not currently being
used to generate a vapor stream. Automatic operation of these valves by
hardware allows the operator or programmer to be concerned only with
those valves leading toward the sensor.

The solenoid valves (Precision Dynamics, New Britain, CT) are normally
closed valves with Kalrez seals on the plungers and ethylene propylene
rubber (EPR) O-rings*. These valves are powered by 115 VAC, which is
switched on and off by optically-coupled solid-state relays. The relays are
commanded by the TTL digital signals discussed above.

Mass ﬂow controllers

The carrier gas is supplied to the vapor flow system as dry air at 30 psi.
The pressure of-this gas is reduced and its flow regulated by means of air
mass flow controllers (Tylan, Carson, CA). These devices contain an air mass

*Some vapors cause standard seal and O-ring materials to swell, which can impair
valve function.
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flow senscr and an electronically actuated needle valve. The mass flow
controller is commanded to a particular flow rate by an 0 - 5 V analog signal,
which is proportional to the desired flow rate and the range of the flow
controller. For example, a 3.0 V controi signal to a FC500 commands a
30C ml/min flow rate. Control signals are generated by the digital to analog
1/0 board in the microcomputer at the command of an operator at the key-
board or by software. The mass flow controllers also generate a 0-5 V
analog signal proportional to the actual flow rate measured by their air mass
flow sensor. These signals are read by the analog to digital I/O board.

Flow reduction system

The flow reduction system is contained in the dilution box and consists
consists of a T junction (labeled E in Fig. 2), a precision piezoelectric gas
leak valve (Vacuum Accessories Corp., Bohemia, NY), an air mass flow meter
(FM200) and an analog control circuit. This system divides the total mixed
gas flow arriving at junction E into two paths. The path from point E to F
through the flow meter delivers gas to the sensor. The other path leads to the
gas leak valve, which bleeds the remaining flow into vacuum. The degree to
which the gas leak valve opens is governed by a 0-100 V control signal
commanded automatically by the analog circuit. This circuit determines the
control signal for the gas leak valve by comparing the signal generated by
the mass flow meter (FM200) with a 0-5 V analog control signal from
the microcomputer (via the digital to analog conversion 1/O hoard). If, for
instance, the flow rate to the sensor being measured by the flow meter is
greater than the flow being commanded by the microcomputer, then the gas
leak valve begins to opén more. This diverts more gas flow into vacuum,
and results in a reduced flow rate though the flow meter. The flow meter
output signal starts going down. When it matches the control signal from the
microcomputer, the 0-100 V command signal to the gas leak valve stops
increasing and the gas leak valve opening remains steady at the position
that maintains the commanded flow rate through the flow meter.

3. Instrument operation

Automated sensor evaluation

The overall purpose of this instrument is to evaluate sensor behavior
under clean air and under various vapor streams. For each vapor, the sensor
must first be observed under clean air to determine its baseline drift.
Secondly, the sensor is observed under a vapor stream to determine its
response. Finally, the sensor is observed under clean air again to determine
its recovery. Usually this ¢ycle is iepeated to determine reproducibility,
-and for each vapor it is desirable to observe response under a range of con-
centrations. The specific solenoid valve operations necessary to switch the
instrument between clean air and vapor stream output will be described
separately from the overall process of testing sensors.
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Sensor testing is normally carried out using two BASIC programs
written specifically for this instrument. These programs are outlined in
Table 1. Many instrument functions can be accessed directly by commands
entered at the computer keyboard, but this is mainly useful for instrument
check out. Sensor testing requires keeping track of numerous instrument
functions at once, and this is most reliably accomplished with the aid of
software.

TABLE 1
Software for sensor testing

Program 1

Update vapor source mass {low rates.

Calculate menus of concentration choices fox each vapor.
User selects vapor/concentrations to be generated.

Text file stored on disk for each selection.

Lol ol AR o

Program 2
1. Flush flow system, output clean air.
2. Read first text file.
3. Generate and equilibrate vapor stream, output clean air.
4. Test sensor, cutput clean air, then vapor, then air.
5. Store data on disk.
6. More experiments?
No — Flush flow system, output clean air, end.
Yes — Read next text file.
7. Is the next vapor different?
No — Adjust dilution air, loop to step 4.
Yes < Flush flow system, loop to step 3.

The f{irst BASIC program helps the user to plan the sensor exposure
experiments. The mass flow of vapor that each. installed vapor source
generates is displayed and can be updated. This information is combined
with information on the dilution capabilities of the instrument in order to
produce menus of possible vapor concentrations. A separate menu is created
for each vapor. The user then selects vapors and concentrations in the order
that the sensor is to be expossd to them.

Once the user has completed his sefections, tha program wegins storing
text files on disk. Each of these text files contains an array of variables
that will command the vapor flow system to generate the chosen vapor
stream at the chosen concentration. Specifically, the values of these variables
dictate which solenoid valves will be opened to generate the chosen vapor
stream, and what flow rates the mass flow controllers will set in order to
dilute to the chosen concentration. In addition, certain variables indicate
which solenoid valves must be opened and shut when the vapo: flow system
output is switched between clean air and vapor.

After the user has selected vapors and concentrations and stored text
files on disk using program 1, sensor testing can proceed using program 2.
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This program operates the instrument and perforn:s the experiments (ie.,
vapor/concentration) contained in the text files. The program begins opera-
tion by opening solenoid valves in a configuration that will flush the entire
system (excluding individual bubblers) with clean air. The initial instrument
output is also u.ean air. The first text file is read and the chosen vapor stream
is generated and sent to vent. The program does not begin a sensor testing
sequence until the vapor stream has equilibrated fur twenty minutes. Then
sensor data collection begins and the instrument output is switched between
clean air and vapor stream at programmed intervals. The results are displayed
graphically on the computer monitor. At the completion of the experiment,
the test conditions and the sensor response data are stored on disk, the
graphics are dumped to t!  ~nter, and the next text file is read from disk.
If the next vapor is differe. . .rom that of the previous experiment, the s: s-
tem is flushed with clean air for ten minutes before generating and
equilibrating the new vapor stream. If the next vapor is the same but at a
different concentration, then the flow rates are adjusted for the new con-
centration and the experiment proceeds. The cycle of reading the experi-
ment from disk, performing the experiment and saving the data on disk is
repeated until all the experiments have been completed. The system is then
flushed with clean air until the operator shuts it down.

Clean air and vapor output operations

Following the detailed switching operations of the vapor flow system
will require reference to Fig. 2. All solenoid valves depicted by open circles
should be assumed to be closed unless indicated otherwise, with the bypass
and slave valves operating automatically. The flow controllers are delivering
a commanded flow rate of air to their respective carrier gas pathways, and
the flow reduction system is automatically main!.ining the output of the
dilution box at the commanded flow rate.

(1) Vapor stream generaiion. When a particular bubbler contains the
chosen vapor, its corresponding pair of solenoid valves is opened. The carrier

~ gas passes through the bubbler and delivers the resulting vapor stream to a

T junction in the dilution box. The master solenoid valve on this T junction
is opened so that the vapor stream proceeds through junctions at A and B
and exits to vent via the slave valve on junction B. This configuration is
maintained for at least twenty minutes to equiiibrate the vapor source and
tubing wall surfaces and achieve a stable, reproducible mass flow of vapor.
A vapor stream is generated this way when the first text file is rezd. The
bubbler (or other vapor source) is not closed again until a subsequent text
file that requires a different vapor is read.

{2) Set up diiution and output clean air. Most of the time the output
of this instrument is clean air, which comes from one or both of the FC500s
in the dilution box. All of this air proceeds via junctions C and D to E. The
flow reduction system then sends the commanded amount to the output at
F and diverts the rest via the gas leak valve. When a text file is read, the flow

-
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of air from the FC500 is adjusted to the levels that will be required when
the vapor stream is diluted and output.

(3) Switch to vapor stream output. The vapor stream is output or
‘switched on’ by opening the master valve at junction B. This stream
proceeds via D and E to the output at F, possibly mixing with dilution air at
D. If the vapor stream is not! to be diluted at D, then the master valve on
junction C is closed at the same time that the master valve on junction B is
opened. Switching solenoid valves open and closed at C and D clearly has the
potential to change the total volumetric flow rate arriving at junction E in
the flow reduction system. Such a change would force the flow reduction
system to adjust the opening of the gas leak valve in order to maintain the
constant commanded output flow rate. However, such adjustment can be
avoided by simultaneously reducing the clean air flow when the vapor
stream flow is switched on, as outlined below.

When the vapor stream is to be output in undiluted form, the air used
for clean air output comes entirely frcm the FC500 clcsest to junctior C.
(The master solenoid closest to the farther FC500 is closed and its flow
exits to a vent.) The flow rate of this air has been set to match the flow race
of the vapor stream arriving at B (and exiting to vent). Clean air output is
switched to undiluted vapor stream output by opening the master valve at
B and closing the master valve at C. The flow rate arriving at E is unchanged
and the flow reduction system makes no adjustments.

1f the vapor stream is to be diluted, but with less than 500 ml/min of
air, then the FC500 farthest from C is set to match the vapor stream flow
rate. The FC500 closest to C is set to provide all the air required to dilute
the vapor stream to the chosen concentration. During clean air output the air
from both FC500s proceeds from C to E. When the vapor is switched on, the
flow from the FCS500 farthest from C is switched o. . (to vent) by closing its
master solenoid valve. The flow rate arriving at E is t!.erefore unchanged.

When the vapor stream is diluted with greater than 500 ml/min of air,
then the combined flow rate from both the FC500 flow controllers is set
to the flow of air needed for the dilution. This flow always proceeds from C
via D to E. Clean air is switched to dilute vapor stream by simply opening
the master valve at B. The flow reduction system must readjust the gas leak
valve in this case because this switching mechanism increases the flow rate
arriving at E. However, this flow rate increase is small compared to the
amount of dilution air flow already being diverted by the flow reduction
system, and the required adjustment in the gas leak valve is minor.

(4) Switch back to clean air output. To return the system to c.zan air
output, the solenoid valves are simply returned to their confizi.ration prior
to switching the vapor stream on. This requires closing the master solenoid at
B and possibly opening another solenoid valve to compensate with more air
flow." Note that switching the output between clean air and vapor while a
sensor is being tested is accomplished solely by the ppening and closing of
solenoid valves. The commands to the mass flow controllers are not changed
during the cour.e of an experiment.
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(S) Change vapor or concentration for the next experiment. If the
vapor for the next experiment is the same but at a different concentration,
then the commanded flow rates to the flow controllers are changed to
provide the required dilution. The next experiment can then proceed. If the
vapor is to be changed, then the previous vapor source is closed and the
system is flushed for ten minutes before opening and equilibrating the next
vayor stream.

4. Instrument precision and range

Vapor concentrations

The concentrations of the vapor streams output by the instrument are
calculated by dividing the vapor mass flow rate by the total volumetric flow
rate of the gas containing the vapor: '

. vapor mass flow rate
concentration = (1)

total volumetric flow rate

The uncertainty in the vapor concentrations therefore depends on the
uncertainties in the vapor mass flow rates and the volumetric flow rates of
carrier gas.

The mass flow rate of a permeation tube is dependent on the area,
thickness, and material of the permeation barrier, and is independent
of the carrier gas flow rate. These devices are conveniently calibrated by
determining their mass loss as a function of time at the thermostatted
temperature. Successive determinations on Teflon permeation tubes
produced in-house gave uncertainties of less than 10%. Commercial permea-
tion tubes purchased already calibrated are rated at 5% uncertainty.

The mass flow rate of a bubbler depends on the vapor pressure of the
liquid, the degree to which the carrier gas becomes saturated with the vapor
and the flow rate of the carrier gas. The use of electronic mass flow
controllers in this instrument assures that the carrier gas flow rate will be
constant regardless of changes in downstream flow conditions. The degree of
saturation depends on the efficiency of the bubbler and the amount of liquid
it contains. These variables can be controlled by good bubbler design and
maintenance.

Bubblers were calibrated by passing their effluent intn a charcoal
filter to trap the vapor quantitatively, and measuring the mass increase
of the trap. This procedure was carried out with the Lt-ibblers installed ia the
instrument at ambient temperatures with a carrier gas flow rate of 39
ml/min. Mass flow rates were stablc after fifteen minutes of bubbling.
Successive determinations resulted in mass flow rates with uncertainties of
less than 6%. ‘

It should be noted that simply estimating the mass flow rate of a
bubbler from published vapor pressures and the ideal gas law is unreliable.
Such estimates can vary from gravimetrically determined values by as much
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as 30%. Estimated values were sometimes less than gravimetric values,
indicating that the difference between observed and estimated values is not
due to a failure to saturate the carrier gas. .

The total volumetric flow rate of the gas containing the vapor is equal
to the sum of the carrier gas flow rates of those flow controllers contributing
to the total flow, plus the volume of the vapor itself. For dilute vapor
streams, the volume of the vapor is negligible. The uncertainty in the carrier
gas flow rate is then determined by the flow controllers, which are accurate

‘to 1% of full-scale flow, e.g., 5 ml/min for an FC500 (and repeatable to 0.2%

of full scale). The percentage uncertainty in total flow of carrier gas is,
therefore, the least when the number of flow controllers contributing to the
total flow is minimized and when low-flow conditions are avoided through
any of those flow controllers (especially FC500s).

Clearly, the uncertainty in the total volumetric flow rate will vary
depending on the particular dilution being performed. When a given con-
centration can be achieved by more than one method of dilution, the most
precise method is used. For example, diluting the mass flow from a permea-
tion tube with an increasing amount of volumetric flow from the permeation
tube FC200 (up to 200 ml/min) is more precise than diluting 39 ml/min
of flow from the permeation tube box with additional volumetric flow
from an FC300 in the dilution box.

As noted earlier, vapor/concentration experiments are pianned by the
user with the help of program 1. This program provides the user with menus
of concentration choices for each vapor. Each choice represenis a particular
procedure for diluting the vapor stream, which was designed to accomplish
the dilution in the most precise manner available. One set of procedures was
developed for diluting mass flow from permeation tubes, and a different set
cf procedures was deviloped for bubblers. For any particular permeation
tube, for instance, the mass flow of that permeation tube is divided by the
total flow of carrier gas generated by each dilution procedure, and this
produces the menu of concentrations. Table 2 provides an example of the
dilution information associated with selected menu choices for permeation
tubes. An actual menu would include a column of vapor concentrations
calculated according to eqn. (1).

Sixteen menu choices are available for permeation tubes, each choice
being approximately 80% of the concentration of the choice before it.
These range from the concentration cf an initial vapor stream, which enters
the dilution box and is output to the sensor with no further dilution, to the
most dilute stream the instrument can produce. Concentrations relative to
that of an initial vapor stream are given in the Fractional concentration
column. The instrument can dilute permeation tube vapor streams to 3.3%
of their initial concentration. The uncertainty in the total volumetric flow
rate is the greatest (5%) for an undiluted vapor stréam and least (1%) at
maximum dilution. The uncertainty in the output vapor concentration
calculated according to eqn. (1) is *he sum of the mass {low rate uncertainty
(5 - 10%) and the total volumetric flow rate uncertainty (1 - 5%). Permeation
tube vapor stream concentrations are therefore known to *6 to 15%.
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TABLE 2
Selected permeation tube dilution menu choices
Menu Flow controller flow rates Total volumetric Fractional
choice # (ml/min) flow rate® concentration®
Ui
FC200¢  FC500 Fcsoo  (mi/min)

1 392 o¢ 0 3925.1% 1.000

2 482 0 0 482 4.1% 0.805

4 77:2 0 ] 77226% 0.509

8 1952 0 ] 19521.0% 0.200
12 2002 254 %5 0 454 *1.5% 0.086
16 2002 50025 5005 120021.0% 0.023

8The sum of the volumetric flow rates from all contributing flow controllers.
bFractional concentratior relative to the concentration when the mass flow is carried by
39 mi/min of carrier gas.

€FC200 in the permeation tube box. Flow from the FC200 in the bubbler box is not
used to dilute permeation tube vapors,

dZeros indizate that this flow controller does not contribute flow or uncertainty to the
total flow.

The bubbler menu is set up similarly. However, the maximum dilution
for a bubbler is somewhat less, because the carrier gas flow in the bubbler
must be constant to deliver a constant mass flow of vapor. Therefore, the
FC200 in the bubbler box always contributes 39 mi/min of carier gas,
and all further dilution flow comes from the FC500s. The maximum dilution
is into 1039 ml/min of carrier gas, giving a fractional concentration of only
0.038 relative to the concentration of the initial bubbler vapor stream.

The uncertainty in the total volumetric flow rate is 5% for undiluted
bubbler vapor stream, and then increases sharply when volumetric flow from
an FC500 is added to the 39 ml/min from the FC200. The menu does not
allow the user to choose concentrations with high uncertainties. The first
diluted choice given is to 40% of the initial vapor stream, with an un-
certainty of 7%, the largest uncertainty of any choice on either menu. The
uncertainty is below 5% for bubbler dilution choices below 25% of the initial
concentration, and is near 1% at maximum dilution. Combining the 6%
uncertainty in the bubbler mass flow rates with the 1 - 7% uncertainties
in volumetric flow rates gives concentraticns (eqn. (1)) known to +7 to 13%.

- However, bubbler vapor streams are not always so dilute that the total
volumetric flow rate of gas containing the vapor can be determined simply
from the volumetric flow rate of the carrier gas. The volume of the vapor
itsell must be considered for volatile liquids whose vapor is not diluted by a
large volume of carrier gas. For example, isooctane with a gravimetrically-
determined mass flow rate'of 0.014 g/min wiil contribute a volumetric flow

~rate of 3 ml/min at 25 °C and 1 atm, based on an ideal gas law conversion.
Addition of 3 mi/min to the 39 ml/min of carrier gas of an undiluted vapor
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stream gives a total volumetric flow rate of 42 ml/min. The calculated vapor
concentration is 8% too high if the vapor volumetric flow is not added to
the carrier gas volumetric flow in the denominator of eqn. (1).

Flow reduction system

The flow reduction system takes the diluted vapor stream and splits
the volumetric flow into two paths, one of which goes to the sensor. This
process does not change the concentration of the vapor stream or the
precision with which it is known. The accuracy of the volumetric flow rate
output to the sensor is dependent on a number of factors, including the
accuracy of the flow measurement by the mass flow meter (FM200, $2
ml/min) and minor uncorrected offsets in the analog circuit that controls
the system. In practice, actual flow rate output is generally within 5% of the
commanded output, 39 ml/min.

The magnitude of the volumetric flow that the flow reduction system
can divert via the gas leak valve is dependent on how it is configured. With
1/16 inch stainless steel tubing from the T junction (E on Fig. 2) to the flow
meter and a single gas leak valve installed, the flow reduction system can
reduce up to 800 ml/min arriving at E to 39 ml/min output at F. With two
gas leak valves placed in parallel by having a cross at E instead of a T junc-
tion, and 1/8 inch stainless steel tubing from the cross to the flow meter,
flow rates in excess of 1200 ml/min arriving at E can be reduced to 39
ml/min output at F.

It was stated in Section 3 that the flow reduction system need not
adjust the opening of the gas leak valve when the system output is switched
from clean air to vapor, provided that the volumetric flow of air arriving at
point E is not changed. This is the case when the vapor stream is either
undiluted, or is diluted by less than 500 ml/min of air. Nevertheless, the
flow reduction system does sometimes make adjustments under these condi-
tions. This adjustment occurs because the mass flow meter in the {low reduc-
tion system is calibrated for dry air, and gives an erroneous reading when
high concentrations of a vapor with thermal properties differing from those
of air are sent through it. The flow reduction system automatically adjusts
the gas leak valve so that the reading from the flow meter will return to the
desired value, even though that reading is mis-stating the actual flow. This

~error becomes negligible when the vapor stream is dilute.

5. Conclusion

The instrument described here has proved to be extremely valuable in
conducting chemical sensor research. Sensor coating materials can now be
rapidly screened against a range of chemical vapors. The capability of
generating mutliple concentrations of a single vapor and maintaining a
constant flow rate to the sensor regardless of the dilution required to achieve
the desired concentration allows calibration curves to be determined very
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conveniently. Extended sequences of tests involving target vapors at low con-
centrations, potential interferents at high concentrations and mixtures of
two vapors can be automaticaaly executed to critically evaluate prototype
sensors. Testing sequences requiring days of continuous operation can be
routinely conducted. The generation of sensor data sets of sufficient size for
the application of patiern recognition techniques is a readily manageable
task. A matrix of surface acoustic wave sensor data, which was collected
with this instrument and analyzed by pattem recognition techniques, has
recently been reported [4]. This type of instrument should be useful to all
those who must test and evaluate chemical sensors.
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. SYSTEM OVERVIEW.

A. Introduction.

The VG-7000 automatic vapor generation system is an advanced
instrument for the preparation of test atmospheres for a variety of
applications, including chemical vapor sensor performance studies,
olfactory investigations and vapor phase reactions. The system employs a
novel scheme based on pneumatic pulse width modulation to dilute source
vapors with clean carrier gas by dilution factors from 1 (undiluted) to
over 1,000,000. Remarkably, the pulse width modulation approach permiis
this wide range of dilution factors to be realized with no adjustments to
the system carrier gas flow rate. This guarantees a constant source vapor
flow rate at values ranging from 100 sccm to several liters per minute.
At the smaller flow rates there will be a consistently low carrier gas
consumption rate. For example, at 700 sccm a compressed zero air
cylinder can be used to meet the 20 psi carrier gas requirement for weeks
of continuous operation. Noisy pumps and contaminant traps can therefore
be eliminated.

Vapors may be obtained from a variety of sources; however, the system
was specifically designed for the convenient use of bubblers. Bubblers can
be used to generate source vapors from essentially any chemical that is
liquid at .room temperature. The range of concentrations available from
bubblers depends, of course, on the saturated vapor pressures of the
liquids -of interest, but most often they are typicailly quite high (e.g.

-
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In the VG-7000, gas flow control and valve timing are managed by a
. built-in microcomputer system. The system valving is designed fail safe,
‘1 so that in the event of electronic failure or power loss the system

automatically turns off all vapor sources and purges itself with clean
) carrier gas, thereby eliminating the possibility for undesired vapor mixing
or unexpected vapor output. All carrier gas flow rates are regulated by
. highly precise electronic mass flow controllers.

Operator interactions with the VG-7000 are conducted through an Apple
Macintosh™ host computer that communicates with the on-board
microcomputer by means of an RS-232C line. System definition,
calibration, checks, and operation are all performed by means of a
simple-to-use, menu driven ouperating system that utilizes many of the
Macintosh graphics and editing features. Complex experiments may be set
up for the VG-7000 that can be carried out completely under computer
control for periods up to several days. The only Investigator intervention
required would be to assure adequate liquid levels in the bubblers. The
experimental schedules are stored on disk and can be recalled and modified
or reused.
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A programmable solenoid valve is provided at the vapor generator output
that can rapidly switch from the vapor stream to clean carrier gas. Thus,
sensors under evaluation can easily be re-zeroed to baseline. A TTL
compatible signal is provided on the instrument front panel that provides
valve status information useful for synchronization of external sensor
cata acquisition equipm.ent.

”~~

- m

The VG-7000 was designed as a modular system. It is organized into four
component subsystems (or modules) with a computer host. The four
component subsystems are: (1) the electronics module; (2) the dilution
module; (3) the bubbler modile; and (4) the gas cylinder module. A
complete system will contain one dilution module, one selectronics module,
up to three vapor generating modules (either bubbler or gas cylinder
modules), and an Apple Macintosh™ computer. The system is normally
configured with two bubbler modules and one gas cylinder module. Control

of the system is accomplished using a hierarchical multiprocessor
computer system. An Apple Macintosh™ serves as the system host and

-




performs all operator interactions. A Z8 microcontroller imbedded in the
vapor generator electronics module is slaved to the Macintosh™ and
generates all control signals. Communication is via an RS 232C serial
interface. AH of these components, except for the Apple Macintosh™
computer, are located in a self-contained enclosure with all necessary
external connections supplied either on the front or rear of the chassis.
The connections required are discussed in the users manual. A brief
description of the function of each module is helpful in understanding the
operation of the system and is given below.

1.  Vapor Generating Module.

The purpose of the vapor generating module is to produce vapors of the
selected materials (liquids) by bubbling a ca.rier gas through pure samples
of the liquids held in Teflon™ transfer containers. This method provides
reasonably saturated solutions in a single stage of contact (30% typically).
The creation of a fully saturated solution wou!d require the use of several
stages in series and is not necerssary for this application. The source
vapor is then transported through the process lines to the dilution module.
Each Bubbler Module includes Teflon™ transfer containers for four liquids.
The four transfer containers are housed in a water cooied aluminum heat
sink to maintain the mnaterials at a ccnstant temperature during the
evaporation process. The flow of carrier gas to each transfer container is
controlled by a series of Teflon™ solenoid valves that direct the carrier
gas to the container holding the desired material. The transfer lines
which deliver the highly saturated vapor streams are not heated. Thus to
prevent vapor condensation in the unheated lines, it is essential that the
bubblers be held at constant, sub-ambient temperatures (e.g. 10-20
degrees centigrade). The flow rate for each bubbler module is controlled
by an electronic mass flow controller. This flow rate is set to 100 cc/min
ana is matched with the flow rates used throughout the system.

It is necessary to periodically check the tightness of the fittings and top
of the transfer containers. This is done to avoid leaks which can occur
with Teflon™ due to cold flow. It is also necessary to check the transfer
lines and filters on the bubbler modules to inspect for condensation and
liquid accumulation. If liquid is present this indicates a problem with the
operation of the bubbler modules and requires further investigation.




3. Gas Cylinder Module.
The gas cylinder module allows for the input of up to four bottled gases to
the dilution module. These gases should be calibrated mixtures in clean
air rather than pure gases to give accurate flow control. Pure conpressed
gases cannot be used since the electronic mass flow controllers are
calibrated for air. The gas inputs are through bu'khead connectors and are
operated using four cylinder selecting valves. This module also contains a
mass flow controller that regulates the flow rate of the input gas stream
to match that of the carrier gas used in the dilution mcduleand the vapor
generating (bubbler) modules. The outlet from this module connects to the
dilution module. During default conditions or when this moduie is not
selected, pure carrier gas is sent through the process lines to purge any
residual vapor which may be present.

4. Electronics Module.

The Electronics Module contains power supplies for the on board
microcomputer and the electronic mass flow controllers. The
microcomputer communicates with the Macintosh™ host computer over a
9600 baud serial RS-232C communications line (8 data bits, no parity, 2
stop bits). The VG-7000 microcomputer requests infcrmation from the
Macintosh™ regarding the vapors ‘o be selected, the pulse width
modulation duty cycles for each of the three dilution stages of the dilution
module, the equilibration period allowed, and the on/off periods for the
vapor generator. Each solenoid valve in the system is energized with 115
VAC supplied from an optically isolated solid state relay controlled by the
microccmputer. There are only two controls available to the operator. A
power switch energizes the entire system, and a microcomputer reset
button is used to guarantee that the VG-7000 and Macintosh™ are
synchronized. A TTL compatible signal on the front panel of the
electronics module provides valve status infarmation useful for
synchronization of external sensor data acquisition equipment. This signal
is the same as that used to control the final solenocid valve that selects
whether the vapor stream or clean carrier gas is being supplied to the
sensors. rour identical (except for length) power cables are used to
connect the various system modules to the electronics module. These
cables carry 115 VAC power supply and return lines for the solenoid valve,
chassis ground, and flow controller power (+/- 15 V, ground, signal).



materials into the transfer containers rather than liquid samples.
Permeation tubes can be prepared for most materials of interest and are
able to produce extremely low concentration vapor streams. The
controlled output from the permeation tubes allows for extremely
accurate concentration levels below 1.0 mg/m3. This system was
designed so that the transfer containers would operate using either liquid
samples or permeation tubes.

This system allcws for the production of binary and ternary mixtures by
using one input from each of the vapor generating modules or from either
of the vapor generating modules and the gas cylinder module. The blending
valves are used to control the concentrations of the mixtures. Due to the
switching time of the blending valves, the concentration range for
mixtures is restricted to 5% to 85% by volume of either vapor in the bianry
mixture and restricted to 5% To 90% by volume or each vapor for ternary
mixtures. The system software program defines the upper and lower
concentration limits based on the vclume percent as described above. The
available concentrations of the mixtures depend on the particular vapors
being used. '
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D, _ Operating Modes,

There are seven operating modes for this system. Each of these modes can
be run separately from each other and in any order desired. The choice of
operating mcde is done using a screen menu on the Apple Macintosh™,
When a mode is selected a new screen appears to either display
information or to request inputs from the operator. Each of the operating
mode screens contains an option to cancel that mode if it was selected
accidentally or if the operator does not wish to use that mode. The first
two modes of operation involve only the Macintosh™, the next four modes
require interaction between the Macintosh and the system hardware, and

the last mode is used to exit the VG-7000 program. These seven modes
are described below.

1. System Definition Mode.

The system definition moude is used to allow the user to define the
parameters neccessary to operate the vapor generating system. This mode
is used during the initial system configuration and at later times when
changes have been made to the hardware or vapors. Selection of this mode
of operation is done from the screen menu. Once this selection is done, a
screen appears which displays each of the system parameters. These
parameters include such items as number of vapor transfer containers in
the system, number of external gas cylinders hecoked up for use, the vapors
provided by each transfer container and gas cylinder and their volumetric
flowrate, carrrier gas flow rate, system temperature, and defauit
parameters for the experiments. Each of these parameters is described in
more detail below.

. Number of vapor transfer containers. This system is designed to
accept input from a total of 12 input channels divided into three groups of
four sources each. The groups of four inputs are contained on either a
bubbler moduie or a gas cylinder module. Thersfore, the number of vapor
transfer containers available is either 4, 8, or 12 for thé use of 1, 2, or 3
bubbler modules respectively. The value innut into the computer is
determined by the equipment configuration. Note that the value input for
the number of containers must be the actual’ number of vapors available.

-
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Each vapor input is labeled with a number recognized by the computer for a
specific location and set of operating valves. It is important to refer to
the correct transfer container or gas cylinder location when identifying
the material placed in that location. This requirement is necessary so
that the Z-8 microcontroller can operate the correct valves when
selecting a specific vapor. Not all of the vapor inputs need %o be used in
order for the system to operate. It may be necessary or dssirable at times
to use only a portion of the available inputs. In these instances, the name
of material and calibrated mass flow rate for the empty input channel are
left blank.

. External gas cylinders. As mentioned above, the system was
designed for up to 12 input channels. This allows for a maximum of 12

- external gas cylinder hookups if no bubbler modules are used. The number

of gas cylinders available is either 0, 4, 8, or 12 for 0, 1, 2, er 3 gas
cylinder modules respectiveiy. Note that pure compressed gases cannot
be used as a vapor source since the electronic mass flow controllers are
calibrated for air. Calibrated gas sources containing low concentrations
(e.g. less than 1000 ppm) of a gas in air can be used as a vapor source
howsever.

. Calibrated mass flow rate. The mass flow rate for each material
must be determined for each carrier gas flow rate and system temperature
used. When new materials are introduced or different system conditions
are used the vapor mass flow rates must be re-calibrated in order to
specify this parameter. A calibration mode is available with the vapor
generation system specifically for this purpose. The value for mass flow
rate must be input in units of mg/m3. The system display shows
concentration in mg/m3. '

- Carrier gas flow rate. The carrier gas flow rate is the value which
wiil be set using the mass flow controliers. This flow rate is generally
set at 100 cc/min. The system performance is optimized at this value.
The blending and mixing chambers were designed and sized to operate most
efficiently in the this range of flow throughput. The total carrier gas flow -
requirement is approximately seven times thé flow rate of each mass flow

-




controller. If this value is set to 100 cu/min the total requirement for the
system is 700 cc/min.

. System temperature. The value for system temperature refers to
the temperature of the transfer containers on the bubliler modules. This is
the temperature at which the materials being evaporated are exposed to.
This is not adjustable unless an external (user supplied) refrigeration unit
is used to circulate cooling fluid through the transfer container heat sink.

Changes to the values displayed during this mode are done only as needed
through the use of the Apple Macintosh mouse and keyboard. Once changes
have been completed ¢- the system definition these values will remain in a
data file until further changes are required.

« Equilibrium Period. The equilibrium period is the time specified for
the system to produce the desired vapor concentrations prior to output
from the instrument. This is done to allow the system to sweep out all
traces of previous vapors and carrier gas and reach equilibrium between
the vapor being produced and the system.

e On Period. The on period is the time during which the VG-7000
outputs vapor to be used.

« Off Period. The off period is the time during which the VG-7000
outputs carrier gas. This is done to re-zero the output stream.

2. Experiment Schedule Mode.

A separate mode is used to enter the operating parameters for the
experiment schedule. During this mode, the information which defines the
experiment schedule is input to the Macintosh™ for computation. In this
mode, the operator can either create a new experiment schedule or ecGit an
existing experiment schedule. The created schedules are saved on the
"VGDATADISK". Additional data disks can be used if needed to save
numerous experiment schedules. The information heeded to define the
scheduling includes the component(s) of each vapor; the concentration(s)
for each vapor; and the number of runs to be performed, equilibration.
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period, cycle time, and number of cycles at each concentration. Each of
these variables is described in further detail below.

. Vapor components. For the mixtures being used, there are either
two or three components to each vapor and these must be specified. For
single component vapors, only one material must be irput. For binary
mixtures it is required that each of the two components be from separate
vapor generating modules. For ternary mixtures there must be one vapor
specified from each of the three possible vapor modules. The input of the
vapor components allows the Z-8 microcontroller to select the correct
valves 0 generate the desired vapors.

. Equilibrium period. Prior to the first vapor output from the system
an equilibrium period is necessary to allow a stable vapor concentration to
develop. The operator is able to select the time period best suited to the
vapors being tested. The input for this parameter is in a number of ten
second cycles hetween 1 and 999. The recommended system requirement
is for a minimum of thirty minutes (180 cycles) before each exposure.
This time is required because of the methods used to produce the vapor
concentrations. The process lines, the blending chamber, and the mixing
chambers need to have all of the dead volume swept out as well as reach
temperature and flow rate stability. In addition, the production of the
vapor stream invoives alternating between clean carrier gas and
concentrated vapor. This vapor then passes through the mixing chambers
to average out the concentration level. This process involves a finite time
interval which depends on the mixing chamber volums and the vapor flow

rate. The requirement of thirty minutes will allow for the necessary

concentration equilibrium period. Any further time period selected by the
operator will improve the system performance and is recommended when
high boiling vapors are generated. :

» Cycle time. The exposure cycle time can be broken into two parts, an
exposure period and a baseline pericd. These two parts are referred to as
the on period and the off period. The exposure period (on period) is the
time during which a vapor stream of set concentration is output from the

-
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vapor generating system. The baseline period (off period) is the time
interval when clean carrier gas is output from the vapor generating
system. Adding the two time intervals defines the cycle time. The
purpose of the baseline period is to allow the operator to generate a
reference state for the sensor being evaluated. Both of these time periods
are defined by a number of ten second intervals. For example an exposure
period of 6 would last for 60 seconds (1 minute) and a baseline period of 3
would last for 30 seconds.

« Number of cycles. The number of times the system goes through a
cycle (exposure period plus baseline period) can be set to any value
between 1 and 999. This number wiil determine the length of the total
expcsure time for each concentration.

. Vapor concentration. The desired concentration(s) for the single
component, binary and ternary mixtures must be specified to the computer.
The Macintosh™ calculates the upper and lower conceniration limits for
each materiali based on the calibrated mass flow rate data provided to the
system definition, and available dilution ratios. These limits are
displayed on the computer screen and the concentration value input by the
operator must be within these limits. If not, the computer will not accept
the input value and request a new value. The actual target concentration
generated by the system may be slightly different from that requested by
the operator due to round off approximations required by the pulse
modulation scheme. For mixtures, there are two sets of concentration
ranges, one for each component. Once the concentration is selected for one
component, the values available for the second component are limited due
to the available mixture ratio. For ternary mixtures there are three sets
of concentration ranges, one for each component. These values are also
restricted by the available combiantions of vapors selected.

3. System Check Mode. _

The system check mode is used to verify the operation of the solenoid
valves and the relays in the system. When this mode is selected a screen
appears on the Macintosh™ which contains a "tutton® corresponding to each
of the vaives or valve pair. When one of these buttons is selected using
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the mouse, the corresponding valve is activated on the VG-7000. Carrier
gas must be off when this mode is being used. This is done to prevent
any dangerous mixtures or situations within the VG-7000 due to improper
valve combinations being selected. By selecting the valves individually
the operator can then diagnose whether or not all of the valves and relays
are functioning correctly before starting a series of experiments. A check
for each vaive is done by both looking for the indicator light to tum on and
listening for the valve to “click® as it switches on and off. The display
screen for this mode shows the operation of each valve as it is tested. If
any of these indicators is not detected, then the valve(s) in question must
be checked further. See appendix B for an example of the system check
screen.

4. System Calibrate Mode.

A separate mode of operation is used to calibrate the vapor generating
system for use with the desired vapors. To begin this mode, the operator
must specify the vapor being tested and the duration of the sampling cycle.
The system is automatically operated to produce a 50% dilution of the
nearly saturated vapor stream as output to the sensing equipment. A 50%
dilution is performed in order to prevent the possibility of vapor
condensation in the flow path which could degrade the accuracy of
calibration.  This vapor stream is then analyzed to determine the
concentration in milligrams per meter cubed (mg/m3). There is a set of
instructions shown on the Macintosh™ screen detailing the steps needed
for gravimetric analysis. The operator inputs data for the starting weight
of the sorbent tube and the final weight of the sorbent tube and vapor
trapped. Once this information is obtained, the value for the saturated
solution is calculated by the computer. This physical property data is put
into the system memory for use by the system definition mode described
earlier. This is done when the operator selects the save option.. Vapor
mass flow rate information is used by the computer software to determine
the vapor concentrations produced. |If another flowrate is used or the
system temperature is changed since the initial calibrations were
performed, then all of the calibration data must be redone and entered into
the computer memory for these conditions.
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Gravimetric analysis of the vapor stream is easily accomplished by
passing the vapor output stream through an activated charcoal/molecular
sieve 13X trap for a specific period of time and then recording the mass
change of the trap. With a flow rate cf 100cc/min, a ten minute cycle
time would allow 1 liter of vapor to pass through the filter. When the
weights are input to the computer the calculation of the vapor mass flow
rate is performed and displayed. If the information appears correct then
the value can be saved and automatically placed in the system definition.

5. System Operaie Mode.

When this mode of operation is selected, the only computer input required
is to select which experiment schedule input is the one to be used. The
latest schedule is indicated by the date of its entry. The experiment
schedule to be used is selected by using the mouse of the Apple
Macintosh™, During the operate mode, a time log feature can be selected
which will produce a printout that indicates which vapors and
concentrations werg produced as well as the times when system warm-up,
exposure and baseline occured.

6. Immediate Mode

The immediate mode will be available with later versions of the system
software. This mode will allow the user to imput data quickly for one
single experiment, either a single, binary or ternary mixture at one
concentrations.  This input is much faster than creating an entire
experiment schedule, but is limited to only one vapor.

7. Exit Vapor Generator
This option is selected to exit the vapor generator program.
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Il. SYSTEM HARDWARE DESCRIPTIONS.

This section of the document describes the four modules of the system and
the function of each. These four modulas are the dilution module, vapor
generating module, gas cylinder module, and electronics module.

A, Dilution Module,

The dilution module performs the function of generating the concentration
of vapors specified in the experiment schedule mode. This is accomplished
by mixing the nearly saturated vapor stream or bottled gas with carrier
gas in the ratios needed to produce the desired vapor concentrations.

1. Blending Chamber.

The blending chamber is included as a means to effectively mix the
components of binary or ternary gas mixtures which are specified during
the system initialization. The gas mixtures are combined using vapors
from either the vapor generating modules or the gas cylinder module. This
chamber is located downstream from the selector valves and combines the
vapor streams entering from the vapor generating modules. The blending
chamber is constructed of teflon and is carefully designed to effectively
smooth the transient vapor pulses into a steady average concentration.

2. Selector Valves.

The selector valves control the process of mixing two or three vapors
produced by the vapor generating modules. Responding to the mixture
concentrations specified during the system initialization, these valves
alternate the selection of vapor paths to create the proper ratio of gas
mixtures.

3. Mixing Chamber.

The mixing chambers are located downstream of the blending chamber and
are used to dilute the concentration of the initial vapor stream from the
blending chamber. There are a total of three mixing chambers in series.
Each chamber is capable of a dilution ratio of 1 to 100 therefore allowing
a total dillution ratio of 1 to 1,000,000. However, the recommended
dilution ratio is 1 to 50 for each chamber and 1 to 125,000 for the system
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in order to maintain high levels of accuracy. The mixing chambers are
identical to the blending chamber described above.

4. Dilution Valves.

The dilution valves are responsible for switching the vapor and carrier gas
flow paths. The mixing of the vapor sitream and carrier gas produces the
required dilution ratio. This is accomplished by the dilution vaives which
operate as a pair and aiternate between gas streams entering the mixing
chamber. When the vapor or carrier gas stream is not directed to the
mixing chamber it is sent to the vent lines in order to maintain a constant
flow of gas through the system lines.

5. Mass Fiow Controller.

Elecironic mass ilow controllers are used on the dilution level of the
system to produce an accurate and repeatable gas flow rate. The sensing
element is a small tube with resistance thermometers wound on the
outside. The gas passing through the tube is heated a few degrees and the
temperature measured before and after heating. Temperature difference is
related to mass flow and to gas thermal conductivity. The controller has
an observed repeatability of about £+ 0.5% and can control flow rates from
6.0 to 300.0 sccm with an accuracy of + 1% of full scale. There are a total
of 4 mass flow controllers on the dilution level of this system to match
and control the flowrates of each of the gas streams. The close control of
the gas stream flowrates is used to eliminate as much error as possible in
the producticn of the low level vapor concentrations. The electronic mass
flow controllers are calibrated for pure air. If another gas is used as the
major component of the gas stream then the absolute accuracy ot the
flowrate will change. The output from each of the flow controllers will
continue to be matched with the other controllers as long as the same gas
is used with each controller.
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B8, _Bubbler Module,

The bubbler module is used to produce the highly saturated vapors required
by this system. Two of these inodules are included in the autonatic vapor
generating system described here.

1. Transfer Containers.

The materials used with this system to produce vapors are stored in
transfer containers made of Tefion™ to reduce the possibiliy of reaction
after long exposure to liquid chemicals. Following each transfer container
is a 20 micren Teflon™ filter system to prevent the carryover of aerosols
into the system piping which could cause contamination with the other
vapors being produced. Periodically inspect the transfer containers for
tightness to prevent loakage due to cold flow of the Teflon™. Teflon™
tape is used to help maintain a good seal on the transfer containers. When
filing or changing the material in the transfer containers beware of
reactive or hazardous materials which may be present in the containers.

2. Temperature Control Block.

A temperature control block is used on the vapor generating module to
maintain the temperature of the transfer containers. As liquid is
evaporated from the containers the remaining material is cooled slightly
due to the heat of evaporation. It is important to maintain the
temperature of the transfer containers so that the source vapor
concentration is constant. Cooling fluid supplied from a user supplied
constant temperature bath can be used to stabilize the system
temperature. A sub-ambient temperature in the range of 10 - 20 degrees
centigradge is recommended. Connections for the cooling fluid are on the
rear of each vapor generating (bubbler) module.

3. Mass Flow Controller.

The vapor generating modules each contain an electronic mass flow
controller which maintains a constant flow rate through the bubblers. The
flow rate is matched to the slow rate of the dilution and gas cy'indar
modules to keep all of the system flow rates .the same.
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4. Bypass Valve.

The bubbler modules contain a bypass valve which is normally open and
closes when any of the transfer containers is selected. This allows
carrier gas to sweep out the dead volume of the bubbler module when no
vapor is selected.

5. Check Valve.

A check valve is located at the iniet to each bubbler module. This is done
to prevent reverse flow through the bubbler module in case of
overprassure in the vent lines or unusual conditions due to incorrect
operation. If flow is allowed to reverse direction in the bubbler module
then liquid will be carried back into the system. The check valve is used
to prevent this.

6. Teflon™ Filters.
Each transfer container is followed by a 20 micron Teflon™ filtar to
prevent asrosols from being carried to the dilution module. If liquid is
present outside ot the temperature controlied transfer containers it will
evaporate at a different temperature and this will cause error in the mass
flow rate calculations.
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. a linder Module

The bottled gas level is used to take input from up to four external gas
cylinders and supply these gases to the dilution level of the autcmatic
vapor generating system. This feature allows the use of calibrated gases
or standard compressed gases for use with vapor testing. The botiled
gases are attached to labeled bulkhead connectors on the front panel of
this module and require only that a regulator be attached to the cylinder to
decrease tha pressure to within the range of 10 to 30 psig with an
optimum ot 20 psig. The lower pressure is required to prevent damage to
the mass flow controller and the selector valves located downstream from
the connectors.

1. Selector Vaives.

There are four selector valves loczted on this level of the vapor generating
system. Each valve in used to select one of the four bottled gas inputs and
allows this gas to flow to the mass flow controller. The default condition
of the valves is in the closed condition so that there is no leakage to the
system from the gas cylinders as long as the pressure does not exceed 30
psig. This allows the gas cylinders to be left open permanently if desired
without loss of -contents as long as the pressure is within the limits
stated above.

2. Mass Flow Controller.

There is one electronic mass flow controller used on the bottled gas level
of this system. The purpose of this controller is to match the flow rate of
the bottled gas input with the flowrates of the other gas streams in the
system. This allows for more accurate producticn of the vapor
concentrations specified.

3. Bypass Valve.
There is a bypass valve in the gas cylinder module to allow carrier gas to
flush out the dead volume when no gas cylinder hookup s selected.
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D. Material f Construction
Tetlon.

Teflon is used for the piping and components of the entire vapor generating 1
system. In the vapor generating modules especially there are high il
concentrations of vapors present at all times and teflon is used because of F
its high degree of inertness with the materials expected to be used in this i
system.
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lll. OPERATING SYSTEM SOFTWARE.

1. " SYSTEM REQUIREMENTS

HARDWARE:

The foilowing pieces of hardWare are required to operate the VG-7000
automatic vapor generating system.

1. A Macintosh™ computer with 2 disk drives and at least 512K of
memory. (with keyboard and mouse availaktie)

2. A cable for the RS232C serial port of the Macintosh™ to connect to
the VG-7000 electronics module.

(Optional: An Imagewriter™ printer with appropriate cables (o connect
to the Macintosh™ computer.)

SOFTWARE:

The only software required to operate the VG-7000 system is a current
version of the VG-7000 system disk and a data disk to store the
experiment schedules. Both of these disks are supplied with the VG-7000
system. The system disk contains all of the files which are necessary to
operate the program. The program was written in Microsoft® Basic
version 3.0 (scientific version) and compiled on Microsoft® Basic Compiler
V1.0..




2. - THECRY OF OPERATION

The Macintosh™ computer and the VG-7000 system software provide a
user friendly interface to the VG-7000 hardware. The system software
makes extensive use of windows, buttons, and the mouse to preserve the
Macintosh™ ®environment®” when operating the vapor generating system.
The program is responsible for keeping track of the system configuration,
the sequence of vapors produced, their concentrations, the vapor
equilibration periods and the on/off cycle periods. The program takes
input from the operator regarding the vapors desired and determines the
correct instrument settings to produce these concentrations as near to the
desired value as possible. The software provides the means to edit and
create experiment schedules as well as check for errors in the information
entered by the operator which would. cause invalid vapor concentrations to
be produced. .The program handles all communication with the VG-7000
minicontroller allowing "hands-off® operation of the equipment. All that
is required is to connect the output stream from the VG-7000 to the
testing equipment.

a) System Detinition Mode

QVERVIEW

The VG-7000 has the capability of producing vapors from twelve vapor
sources in three banks, consisting of bubbler modules, gas cylinder
modules, or a combination of the two.  Each of the transfer containers can
hold a liquid material which will be turned into a vapor by circulating the
carrier gas through the transfer container.

In" defining the system configuration, you have th option of assinging 4, 8
or 12 vapor sources. Any materials that you wish to be mixed must
reside in defferent bubbler or cylinder banks. Refer to Appendix B for a
sample of the screen display.

QPERATION:

The System Definition Mode is strictly data-entry. with no calculations
being done by the program. The program will accept aimost any data, with
the exception of those exceeding system limitations.

-
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There are six groups of data that must be entered in this mode.
They are:

1) "# of Transfer Containers”, with a value of 0, 4, 8, or 12

2) °"#of Gas Cylinders", same as above, with combined total not to
exceede 12. ,

3) "Carier Gas Flow Rate", obtained by measuring flow rate at
'Vapor Output’ point.

4) "System Temperature.®, this temperature corresponds to the

temperature of the temperature control block(s) on the
bubbler module.

5) "System Defaults”. These are the default values the System
will use in experiments if not over-ruled by the Experiment
Schedule. They are as follows:

a) Equilibration Period.

b) Exposure Period

c) Off Period

d) Number of Exposure Cycles [For limits and explanations see
Experiment Schedule Mode ]

6) “"Material Descriptions.” Can be any Alpha-Numeric word or words
that will fit in the edit field.

7) "Material Concentrations.” Saturated Concentration Values of the
materials in mg/m3, should be determined by running the System
Calibration mode.

All data is entered by means of edit fields. (For information on how to use
the edit fields, see Macntosh Users Manual.)

To.save any changes made to the System Definition Table, press the
[ACCEPT] buttor.. * window will then ask for confermation, and if
acknowleged will save tiie new Table as the data file 'SDVap'. Warning,
any experiment schedules that predate changes to the System Definition
should be re-calculated if changes were made in materials or mass flow
rate.

To print out-a hard copy of the System Definition Table, press the
[PRINT] button, making sure that the printer is on line.

-
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To leave the System Definition Mode without saving the changes, press the
[CANCEL] button. This will keep the existing Table unchanged.

COMMENTS:

1)  When setting the rumber of transfer containers and gas cylinders, the
total number must be 4, 8, or 12. Any defined container or cylinder
‘hat is not used should have "EMPTY" entered in the description edit
for that matenal.

b) Experiment Schedule Mode

The objective of the Experiment Schedule Mode is to allow the operator of
the VG-7000 automatic vapor generating system to create a schedule of
vapor exposures and to run the system in a continuous mode. The
experiment schedules created are stored so that the same schedule(s) can
be used at a later date without the need to redefine the desired vapors and
concentrations. Refer to Appendix B for a sample of the screen display.

" QVERVIEW:

This Mode allows you to create and edit Experiment Schedules of Vapors
consisting of one or two materials at differing concentrations and
exposure periods. Each experiment Schedule can have up to sixty different
vapors for twelve materials being used or a lesser amount for fewer
materials, with each vapor having up to ninty-nine different
concentrations. Experiment Schedules should be saved on a seperate disk
from the VG7000 program and Macintosh™ Operating System, due to disk
size limitations. Experiment Schedules are named as follows:

'‘Disk Name':Exp'YY-MM-DD"Vol #.VG2
example: VGDATADISK:Exp87-02-01A.VG2
The volume numbers run from ‘A’ to 'Z, allowing 26 different Experiment
Schedules to be created on a single day. More can be created if different
data disks are used.

ns well as acting as a data entry mode, the program also calculates vaive
duty cycles for the VG-7000 and mixture ratios for the vapors so there is
some delay experienced when entering values.




QPERATION:

The first thing the Experiment Schedule Mode will ask is whether to create
a new Schedule or edit an existing one.

If you press the [Create New Exp. File] button, you will be prompted for
the Disk Name, with the Defauit being 'VGData'. |f you wish to store the
Experiment Schedule under a different name, enter the new name. You will
then go directly into the Data Entry Mode. '

If you press the [Edit Existing Exp. File] button, a window will display
the Experiment Schedules currently on File on the disk in drive 1. Since
this drive should rontain no Experiment Schedules, press the

[CHANGE DRIVE] button to access drive 2. [f you need to change disks in
the drive, press the [EJECT] button and insert the new disk. All the
Experiment Schedules on the disk will be displayed.

To select an Experiment Schedule to edit, click the Mouse twice on the file
name or Click the Mouse once on the name to select it and press the
[SELECT] button. If there are more files on the disk than can be displayed
at once, use the arrows on the window to scroll up and down the list. If
you decide not to edit an existing file, press the [CANCEL] button. When
you have selected a file, you will then go to the data entry screen.

There are four types of data needed for the Experiment Schedule. They are:

1) “Mixture." Three buttons used to determine if the vapor is a Single,
Binary or Ternary mixture. The mixture in effect for the current
vapor has a 'radio light' dot to the left of the button lit.

2) ."Exposure Values.” These are the exposure conditions for the single
vapor being defined. They are:

i) "Equilbrium Period” Time for the VG-7000 to attain a consistant
concentration. Can be a value between 1 and 999 ten second
intervals. A value of at least 30 minutes or 180 intervals is
adequete.

i) “Exposure Period" Time that the output stream from the VG-700
will contain the vapor. Ranges from 1 to 999 ten second
intervals.

iii) "Off Period” Time that the vapor is routed to the vent with the
output stream being pure carrier gas. Also rangesfrom 1 to 999
ten second intervals.

iv) "Number of Exposure Cycles” Number of times the program wiil
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cycle between the exposure and off periods. Can be a value
between 1 and 999.

Pressing [return] while in the Exposure Value section will allow entry
of the next value, until the '‘Exp.Cycles’ value is entered, where entry
will jump to the ‘vapor #1' edit field. Pressing [TAB] or the [OK]
button will also jump to the ‘'vapor #1' edit field. |f zero (0) is
entered for any of these values, the system wil! use the System
Default values set in the System Definition Mode and displayed to the :
right of the edit fields. If the System Default values are changed o
after the experiment schedule has been saved, when the experiment .
schedule is run in the System Operate mode, the new System Default
" values will be used.

3) “Vapor #." The number of the Gas Source (taken from the System
Definition) is entered here. When <RETURM> is pressed, the program
displays the name of the Material. If the number entered is not a
defined material, exceedes the range, or if two gas numbers are in the i
same scurce bank, the computer will beep and will expect a new
number to be entered.

4) "Concentration.” This is the concentration in mg/m® of the selected
material desired. The value must be in the range calculated from the
Saturated Concentration value for the material entered in the System
Definition. If there is a mixture of materials, the concentration
range of the second gas is determined by the concentration of the
first gas and if present the concentration range of the third gas is
determined by the first and sencond gases. When the values are
entered, the program will calculate and display the actual
concentrations that will be produced.

Once all Exposure, Vapcr and Concentration Data has been entered. You can
view the different Vapors by using the [PREVIOUS] and [NEXT] buttons to

flip through the vapors. If you wish to edit a Vapor, press the

[EDIT] button, then re-enter the new values.

If you press the [INSERT] button in the Vapor Parameter Section, a space
for the new vapor will open, with- the vapor that was being displayed being"
renamed. (ie Vapor 2 will become Vapor 3, 3 to 4, 4 to 5, ect) If the

-




Experiment Schedule is large, this may take some time to happen. The new
vapor will initially have the same parameters as the last vapor displayed.

If you press the [DELETE] button, the vapor shown will be deleted, with
all vapors after renamed. (ie Vapor 3 to 2, 4 to 3, 5 to 4, ect.)

To add vapors to the end of the Experiment Schedule, press the
[ADD] button.

To save the Experiment Schedule, press the [ACCEPT] button.

To print a Hard Copy of the Experiment Schedule, press the [PRINT]
outton, making sure the printer is on-line.

To quit the Experiment Schedule Mode without saving the Schedule, press
the [CANCEL] button.

¢c) System Check Mode

OBJECTIVE:

This mode is a self diagnosis to check for mechanical problems with the
VG-7000 hardware. The program will display a simulation of the disolay
panel of the cquipment chassis. Each of the lights displayed on the screen
is a button that when pressed will switch t-e corresponding light and
valve on the VG-7000.

QPERATION:

When entering the System Check mode, window will ask you to press the
reset button on the vapor generator. If there is no change when the reset
button is pressed, check that the power on the VG-7000 is on and the
connections between the Macintosh™ and the VG-7000.

When using the System Check mode, be sure that the carrier gas is off or
disconnected to avoid the possiblity of generation uriknown vapor
mixtures.

To leave the System Check Mode, press the [RETURN] button.

-
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d)

CBRJECTIVE;
This mode will allow you to obtain a saturated concentration value for the
Materiais in the Transfer Containers and the Gas Cylinders.

Grstem Calibration Mode

33

Refer to Appendix B for a sample of the screen display.

OPERATION:
There are four data values needed for the System Calibration. They are:

1)

2)
3)

4)

"Gas Number." a value from 1 to 12, corresponding the maerials
defined in the System Definition. When the value is entered, the
Material Description is displayed. If the value is invalid, the
computer will beep.
*Sampling Period." Time of Exposure Period. A 1 to 999 ten
second interval. '
*Sorbent Tube Beginning Weight (mg.)." The pre-exposure sorbent
tube weight is entered here.
*Sorbent Tube End Weight (mg.)." The final, post-exposure sorbent
tube wieght is entered here. After [RETURN] is pressed, the
MASS FLOW RATE is calculated based on:
A wt 1
X = MFR
Cal.Tm x CFR Dil.
With Awt. - change in Weight(mg.) of Sorbent Tube
Cal.Tm - Calibration Time (min.) _
CFR - Carrier Gas Flow Rate (liters/min.)
Dil. - Dilution Factor (50%)
MFR - Mass Flow Rate (mg./m3)

After the new MFR is calculated, it is displayed and can be saved
in the System Definition Table by pressing the [SAVE] button.

After the Gas Number and Sampling Period values have been entered, to
start the Calibration, press the [CALIBRATE] button.

A window will then ask you to press the reset -button on the vapor
generator. If there is no change when the reset button is pressed, check
that the power on the VG-7000 is on and.the connections between the




34

Macintosh™ and the VG-7000. Weigh the sorbent tube prior to vapor
calibration and input this information into the appropriate blank.

The VG-7000 will then begin a warm up cycle. The time of the warm
up cycle will be the same value that is placed in the system definition
table. Then it will execute the Sampling Period, which will take the
time specified. After the sampling period, weigh the sorbent tube and
input this information into the appropriate blank. The program will
automatically determine the vapor mass flow rate. [f this value is correct
press the [SAVE] buttcn to save the information.

To halt the System Calibration, press the [RESET] buttcn.
To leave the System Calibration Mode, press the [CANCEL] button.

e) SYSTEM OPERATE MODE

OBJECTIVE:

The system Operate Mode allows the selection and running of a previously
created Experiment Schedule. It displays each Vapor Concentration as it is
run, showing time until ccmpletion.

Refer to Appendix B for a sample of the screen dicplay.

OPERATION:

When you enter the System Operate Mode, a window will display the
Experiment Schedules currently on File on the disk in drive 1. Since this
drive should contain no Experiment Schedules, press the [CHANGE DRIVE]
button to access drive 2. If you need to change disks in the drive, press
the [EJECT] button and insert the new disk. All the Experiment Schedules
on the disk will be displayed. To select an Experiment Schedule to execute,
click the Mouse twice on the file name or Click the Mouse once on the name
to select it and press the [SELECT] button. If there are more files on the
disk than can be displayed at once, use the arrows on the window to scroll
up and down the list. If you decide not to execute an existing file, press
the [CANCEL] button. When you have selected a file, you will then go to
the System Operate Mode screen.

To start the Experiment, press the [START] button. A window will then
ask you to press- the reset button on the vapor generator. . If there is no

-—
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change when the reset button is pressed, check that the powek on the
VG-7000 is on and the connections between the Macintosh™ and the
VG-7000.

The program will then send the data for vapor numberi to the VG-7000.
After the data is sent, the program will display a count-down timer
showing time left for the System Warm Up and System Running period.

it you wish to Pause between Concentration runs, press the [PAUSE]
button. A window will then appear with saying "Communication will Pause
at the End of the Next Concentration.” When the concentration run ends,
The window will display "Communications Paused.” To continue the
experiment, press the [CONTINUE] button. -

If you wish to stop the experiment, press the [RESET] button. A window
will then tell you to "Press Reset Button on VapGen®. Whe you have done
this, press the [CONTINUE] button.

It you press the [CANCEL] button, any experiment running will immediatly
stop and you will return to the Main Menu.
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- STARTING THE SYSTEM

Tc start the system alil that is required is to turn on the Macintosh™
computer, and insert the two disks included with the compduter
startup disks. The two disks necessary to operate the VG-7G00

system are (1) VG-7000 SYSTEM DISK "VG7000" and (2) V3-7000

DATA DISK "VGDATADISK". Once the disks are inserted to computer
automaticaily loads the system operating program and associated
files. The screen will display the system operating menu when

_initialization is complete. .
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ERROR MESSAGES

Sor all error messages, refer to the Microsoft® Basis Interpreter
manual, Appendix B.
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IV. VG-7000 OPERATION

The following steps are required before applying power to the VG-7000
system:

1. Set up the Macintosh computer system in accordance with the Apple
documentation. Verify that the Macintosh is functioning properly.

2. Check the VG-7000 tubing connectors on the rear panels of all
modules to verify that they are tight. Check that the power cable
from each module is connected to the correct receptacle on the
rear of the electronics module.

3. Connect the RS-232C cable from the VG-7000 to the Macintosh
communications port.

4. Connect a supply of 20 PSI clean air carrier gas to (he "CARRIER
INLET" fitting on the dilution module front panel. Check that
the carrier gas air is connected to the correct fitting.

*5. Connect some tubing from the "VENT" fitting on the dilution module to
an appropriate chemical fume hood. The pressure drop of the line from
the vent to the hooud should be kept small. Use the shortest length (e.g.
less than 10 ft.) of the largest diameter (e.g. 1/4" 1.D. ) tubing

practical.
***(VERY IMPORTANT NOTE: Each vapor used in the system is present

at both the vent and the vapor outlet when that vapor is selected. Use
great care in discharging th: vent gases if toxic materials are used in
this vapor generator.)

6. Connect the VG-7000 Power cord to a grounded receptacle supplying
115 Voits AC at 60 Hz. (The system requires less than 3 amps)
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E-l I. I. .l .I I alll Il Il

The transfer containers require periodic inspection and removal from the
temperature control block. In most cases it is not necessary to disconnect
the tubing from the top of the containers. For inspection, all that is
required is to disconnect the teflon tubing on the rear of the bubbler
module, disconnect the contro! cable from the rear of the module, slide the
module out of the rack on its rails, and raise the container of interest out
of the temperature control block and check that the liquid level if at least
1-2" above the bottom of the container. This is necessary to insure that
the carrier gas stream will come into contact with the liquid. The higher
the liquid level is above the bottom of the container, the greate- the
degree of gas/liquid contact will be during operation and the more
saturated the vapor produced. The frequency of inspection of the tr: nsfer
container liquid level depends of the volatility of the material presert and
the frequency which it is used. Initially, it is recommended that the liquid
level be checked at least weekly and after several weeks this insyection
schedule can be adjusted as appropriate for each container.

1. Disconnect the teflon tubing at the connectors at the rear of the
Jubbier module. Also disconnect the module power cable.
2. Slide the bubbler module out of the rack on its rails.
3. Grasp the edges of the transfer container to be inspected.
4. Pull upward on the lid to raise the transfer container out of the
temperature control block.
‘Do Not Pyll On the Teflon Transfer Lines
5. Inspect the liquid level to insure that adequete material is present.
6. If liquid level is adequete skip to step 9.
7. Remove cover to transfer container by turning in a counterclockwise
direction.
8. Replace teflon tape on threaded portion of container if necessary.
9. Fill container with material desired to between 1/2 to 2/3 full.
10. Replace cover carefully to avoid spilling material. Tighten cover.
Do Not Allow Liquid E The T ter Li
11. Place container back into temperature control block and slowly push
down until the container rests on the bottom.
12. Position container until teflon transfer tubing appears to be without
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tension and kinks.
13. Push the module back into the rack.
14. Reconnect the stainless tubing and electrical power connector.
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APPENDIX A.

Sample Experiment Schedule

[ —
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: PAGE : _§
EXPERIMENT SCHEDULE : YGDATADISK:Exp88-04-23A,YG2 |
DATE CREATED : 04-26-1988 Todays Date : 04-26-1988
LAST UPDATE ¢ 04-26-1988 Time : 14:06:19

Number of Vapors : _4_
Approximate Experiment Duration : _ 8,7

VAPOR NUMBER : _{_
GAS 1 : _1 : AMMONIA
Bquilibrjum Pd. : 180
Exposure Pd. : 30 - Ovstem Defauit
Off Pd. : _30 - System Default
No. uxposure Cycles : _{0 - System Default

Concentratlon Gas 1 : _{,31E+01
Duty Cycles -- MIXTURE : _100 0 0O
DILUTION : _98 _100 100

VAPOR NUMBER : _2_
GAS 1 : _2:G6A82
GAS 2 : 6 :GAS 6
Equlllibrium Pd. : 180
Exposure Pd. : 30 = System Defaylt
Off Pd. : 30 - System Defaylt
No. Exposure Cycles : _10 - System Defaylt

Concentration Gas 1 : _5,00E-02
Concentration Gas 2 : _5,00E-02
Duty Cycles -- MIXTURE

: .90 .50 0
DILUTION : _10 10 10

VAPOR NUMBER : _3_
GAS 1 : _3:GAs 3
GAS 2 : 11 : 6GAS 11
Equilibrium Pd. : 180

Exposure Pd. : 30 = Dystem Default
Off Pd. s 30 -

30 - System Default
No. Exposure Cycles : _{0 - System Defaylt
Concentration Gas 1 :. _i,48E-03

Concentration Gas 2 : _1,46E-03
Duty Cycles -- MIXTURE : 55 0 45
DILUTION : 3 .3 3

4 o > e . e e e ke e W e il s Am

VAPOR NUMBER : _4_

Concentration Gas { : 1.39E-02
Concentration Gas 2 : -
Duty Cycles -- MIXTURE

: 90 0 45
DILUTION : 76 6
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APPENDIX B.

Sample System Operation Screens
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l " & File Edit X :
} System Nnerate Made 2§
EXP. SCHED. NAME VGDAT ADISK Exp88-04-26A.YG2

DATE CREATED 04-26-1988

. LAST UPDATE - 04-26-1988
i EXP. DURATION 6.51 hrs.

DATE: 04-26-1988
TINE: t1:24:18 43

] TIME LOG

VAPOR _1 OF

Jos

STATUS

VAPOR 1 AMMONIA 4

CONC. *1 1.31E+01 | mo/m3 TIME REMAINING

Sp

”' o RO ANA A YA N AAALY A
% START
“

e T
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PHUSE :
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S File Edit w»

I /7/CROSENSOR SYSTENS, INC. |
Automatic Vepor Generating System ‘

SELECT OPERATING MODE

SYSTEM DEFINITION

| EHPERIMENT SCHEDULE

SYSTEM CHECK |

SYSTEM CALIBRATE

SYSTEM OPERATE

IMMEDIATE DPERATE |

( EXIT URPOR GENERATOR
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& File Edit

a3

Siistem Definition Mode

Date Created : 04-25-19883

* of Transfer | Saturated Carrier Gas Flow Rate
Containers[ 8] Material Conc. (mg/m3) |} (cc/min) (0 to 300)
GAS * | GAS | 100j] | 100
GAS* 2  [GAS2 100|[system Temp. ('C)
GAS * 3 GAS 3 1o0)| [ 75l
GAS * 4 GAS 4 100 Sq;;nbofwns
GAS* 5 GAS 5 10011 10 Seo. int. (1-999)
GAS* 6 GAS 6 100}3Equil Pd. 180}
GAS * 7 GAS 7 100| (2224 zof
GAS * 8 GAS 8 100}INo. Exp Cycies 10[]
* of Gas

Cylnders | 4 Material Conc. (mg/m3)

GAS * | GAS 9 ' 100

GAS * 2 GAS 10 100

GAS* 3 GAS 11 120

GAS * 4 GAS 12 100
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¢ File Edit

* .

EXPERIMENT SEHERAHLE MODE

(

Create New Eunp. File

)

[

Edit Enisting Exp. File

)
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€ File Edit R

EXPERIMENT SCHEDULE MODE

EXP. SCHED. NAME
DATE CREATED
LAST UPDATE
EXP. DURATION

YGDATADISK Exp88-04-26A.YG2
04-26-1988
04-26-19¢8

6.95% hrs.

EXPERIMENT EXPOSURE

3 oF _3 []10r Diution

——

QO SINGLE @ BINARY (O TERNARY

VAPOR®1 3 .GAS3
CONC. ®1  148E-03  ( 4.001E-05 - 9.500£+01)
VAPOR #2 11 GAS 1!
CONC. 82  1.46E-03  ( 9.474E-05 - 3.420E-02)

Exposure YValves
10 Sec. Int. (1-999)
Equit Pd. 1£0 2
Exp Pd. 20 30
Off Pd. 20 20
10

No. Exp.Cycles 10
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¢ File Edit R
SYSTEM CHECK MODC
1 |
O Module 1 ||O Module 2 ||{O Module 3
| |
O stage1 HO stage2 HO Stage3 {~O Vapor gut >
——eneed (O 10-4 Dil.
O #1 QO #2 O3 O #4 [ RETURN |
O #1 Q #2 QO #3 O #4
O #1 Q #2 QO #3 O #4
WARNING, DISCONNECT CARRIER GAS DURRING SYSTEM CHECK.
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& File Edit R
1

DATE: 04-26—1988

E -

a || e [1-12] (3] sas2 é\[rmsz 11:22:25 7
? Sampling Pd. [1-999] [ 200

3 mpling ]

10 Sec. Interval

Suystem Calibrate Mode

! i Carrier Flow Rate (ce/min): 105 Or ,e

j SCTATUS
: Sorbent Tube Yt.(mg) : BEGIN | 15.625
v EMD 15.799

MASS FLOW RATE : oLD - 100 TIME REMAINING
l. (mg/m3) NEY - 99.42857 [——-ﬁ
_ . : J
INSTRUCTIONS I r———
l] . Step 1. WEIGH a SORBENT TUBE. 2
Step 2. Connect to YG-7000 YAPOR OQUTPUT.

v W

,¢ o
3‘.:.’-?3/.-.~;;.v.w:;,a'.;;\'f.‘.'.'.w.wm‘.‘r.w.n-.'A-{M'( 3

Step 3. Select GAS *® and SAMPLING PERIOD.
ﬁ’ Step 4. START Calibration Mode.
‘ Step 5. YEIGH SORBENT TUBE.
Step 6. Enter BEGIN & END WEIGHT.

a] | Step 7. SAVE New MASS FLOW RATE. (if correst.)
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- APPENDIX C.

VG-7000 Pneumatic Flow Diagram
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APPENDIX D.

Connector Cable Pin Assignments




DILUTION MODULE CONNECTOR
PIN ASSIGNMENTS

=)
(WRITE) :
120 VAC RETURN CHASSIS SRoUND VALVE *8 (YELLOW)
(eRtV) .
VALYE °3 <, | vALVE *2 (crerm)
— OC
VALVE #4 @ s @ VALVE ©1 (TAN) :
) '
LOW CONTROL, @ 2 C‘} VALVE >3 (RED/BREEN)
SISNAL P @ ;
FunrLs) N
VALVE =7 VALVE *% (BLACK)
3t 1 v/ \
BUE) NTT .
/- (': o (RFD/BLUE)
CYLINDER MODULE CONNECTOR BUBBLER MODULE CONNECTOR
PIN ASSIGNMENTS PIN ASSIGNMENTS
120 VAL RETURN ERASEIS SROUXD 120 vaC 120 VAC RETURN CHASSIS CROUND 120 VAD
YALVE ©3 N ~ | vaLve =2 VALVE 3 G | vave =2
3
VALVE =4 VALVE *1 VALVE ~4 @ S @ VALYE *1
FLOW conTRoL VALVE #3 (BYPASE) FLOW ConTROL @ 0) (9 @ VALVE *3 (BYPASE)
SIGRAL - - SIGNAL
14 @ ]
ne . S 3 e “1 ™~ nc
13 v/ \ (31"
_ : LY : : :

/4 15 V RETURN
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APPENDIX E.
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PAGE : _1I
UG-7000 VAPOR GENERATOR SYSTEM OPERATE TIME LDG
EXPERIMENT SCHEDULE : HARD DISK:BAS COMP:ExpB88-04-24A.VU62
DATE CREATED : 04-24-1988 Run Date : 04-24-1788
LAST UPDATE : 04-24-1988 Time : 22:35:14
e —t

Number of Vapors : S5 _
Approximate Experiment Duration : _25260

GAS 1 : _2 : GRS 2
GAS 2 ¢+ _0 : BAS 2
GAS 3 : _0 : GAS 2
Equilibrium Pd. : 120
Exposure Pd. : _30
Cff Pd. : 30
No. Exposure Cycles : _10

VAPOR NUMBER : _1_
Concentr.tion BGas 1 :
Concentration Gas 2 : _0.00E+00
Concentration Gas 3 : _0.00E+00
Duty Cycles : 100 0 9 53 100 100

———————

SYSTEM WARMUP BEGIN -> 04-24-1988, 22:35:33

- —— . ——

S.30E+01

o - i

SYSTEM OPERATE BEGIN -> 04-24-1988, 22:55:33

——— o e oty

CYCLE No.:
CYCLE No.:

ON :22:55:33 OFF :23:00:33
ON :23:05:33 OFF :23:10:33

1
2
CYCLE No.: 3 ON :23:15:33 OFF :23:20:33
CYCLE No.: 4 ON :23:25:33 OFF :23:30:33
CYCLE No.: S - ON :23:35:33 OFF :23:40:33
CYCLE No.: &6 ON :23:45:33 OFF :23:50:33
CYCLE No.: 7 ON :23:55:33 OFF :00:00:33
CYCLE No.: 8 ON :00:05:33 OFF :00:10:33
CYCLE No.: 7 ON :00:15:33 OFF :00:20:33
CYCLE No.: 10 ON :00:25:33 OFF :00:30:33
BAS 1 : __7 : BAS 3
BAS 2 : _3 : GAS 3
GAS 3 : _0 : GAS 3
Equilibrium Pd. : 120
Exposure Pd. : _30
0ff Pd. : 30

No. Exposure Cycles : _10

VAPOR NUMBER : _2
Concentration Gas 1 : S.31E+01
Concentration Gas 2 : _2.39E+01
Concentration Gas 3 : 0.00E+00
Buty Cycles : 31 469 O 77 100 100

SYSTEM WARMUFP BEGIN -> 04-25-1988, 00:35:46
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