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I. TASK REVIEW

Iii The objective of this project was to develop novel chemical sensor
devices in support of programs at the U.S. Naval Research Laboratory's
Surface Chemistry Branch. The project involved extensive collaboration
with scientists employed by Geo-Centers, Inc. and the U.S. Naval ResearchJv 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), optica; waveguide and chemiresistor

3 technologies.

2) Design, fabrication, and operation of automated vapor generation
] systems and the operation of these systems to permit he rapid

testing of chemical microsensor devices and chemically selective
coatings developed as part of this program.

ii

]Ii
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II. SUMiMARY OF WORK PERFORMED

During the period from 1 January 1986 to May 1988, Microsensor Systems,
Inc. supplied Geo-Centers, Inc. witn a broad spectrum of hardware and
services in support of the Chemical Detector Development program at the
U.S. Naval research Laboratory. The highlights of work performed 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 vehictes 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 lie 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 configurations.



23' Chernca; Sensor Development and Evaluation

All of :he chernical sensors explored in this program require a chemically
"selective coating. Thus, the development of coatings and the evaluation of

J their relative performance was an important focal point of this program.
All of the chemically selective coatings were intended for use in the field

Sof chemical defense and most of this work was reported at the annual
Conference on Chemical Defense Research sponsored by the U.S. Army

1 Chemical Research, Development, and Engineering Center (CRDEC) at
Edgewood, MD. Microsensor Systems, Inc. oarticipated in this research
effort by fabricating SAW and chemiresistor sensor devices- and related
electronics, applying candidate coatineýs to the sensor devices, evaluating
the sensor responses to challenge vapors, and designing experiments to
test hypotheses.

C) Automatic Vapor Generation Systems

Perhaps the most labor intensive aspect of the chemical sensor) -i develooment program at NRL was chemical vapor testing of the devices.
U. 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.
Considerable effort was expended to fabricate fully automated systems

I that could provide a dozen source vapors, singly or as binary mixtures. The
A final vapor generator fabricated for this program (i.e. "VG-7000") offered

fully programmable concentrations over a range of 5 orders of magnitude.
The use of a novel digital pneumatic pulse width modulation scheme
minimized the carrier gas consumption to a mere 700 sccm while
permitting simple, gravimetricaily calibrated bubbler vapor sources to be
used. Complex experiment sequences could be readily programmed to
permit days of unattended operation.

]
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Ill. FUTURE RESEARCH RECOMMENCATIONS

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

1) The chemically seloctive coating research conducted in this program
I I 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 valuable 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 comoared]t to SAW delay lines, owing to the higher frequency stability exhibited by
the resonators. Development of SAW resonator va'or sensor devices wouldI certainly be worthwhile in the future.

]~i
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] 11. SYSTEM DESCRIPTION

The Surface Acoustic Wave (SAW) vapor sensor system consists of an

array of four 112 MHz dual delay line oscillators. Each oscillator device hasI
one side coated with a selective organic film chosen for its ability to absorb

J I organophosphorus compounds (i.e 'G' agents or their simulants). In

addition to the four SAW devices and their associated RF support

J electronics, the system also contains regulated DC power supplies to permit

] operation from 120 Volt 60 Hz power sources, interface electronics for

communication with an APPLE II microcomputer, an air pump to draw

3 :ambient air across *he sensors, an air scrubber to provide a source of clean,

dry reference air, and a solenoid valve with TTL drive electronics.

1J [ In normal operation the SAW sensors provide a signal which is the

] Jdifference frequency between the clean and coated oscillator of each

I sensor. This signal is processed into a TTL compatible pulse train whose

I I ~ frequency is determined by four frequency counters which are plugged

directly into the APPLE I I interface slots * 1,2,3,and4. The difference

.1 frequencies obtained from each sensor are usually in the range of 100 to

800 kilohertz. Ambient air is drawn across each sensor with 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 II game controller int.•rface socket.

'' I 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

Ssources of air it is possible to obtain accurate compensation of baseline

3 drift. This system works on a three minute cycle in which the sensors areilI



I 1j

2

exposed to scrubbed reference air for one minute, contaminated(perhaps)

ambient air for one minute, and scrubbed reference air for the final

minute. The APPLE 11 computer controls the sequencing of the

I measurement the acquisition and proessing of experimental data, and

printing (on paper) and storage (on disk) of the results of each three

1' 1 minute measurement The system can run unattended until the disk is full

of data. Approximately 80 three minute measurements can be stored (i.e.

; i80 disk files). Thus a minimum of four hours of unattended operation is

I V possible.
The experimental results are available in hardcopy which is not easily

j 1interpreted 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 results can be worked up into human compatible form (i.e. graphs

and pictures).

I|

tLj
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11. SET UP PROCEDURE

I] Putting the SAW vapor sensor to work is straightforward. The following

] sequence can be performed to get things going.

JJ,~ 1. Position the Equipment.

The APPLE II microcomputer,printer,displaydisk drive, and SAW

sensor package must all be located near to each other since the connecting

] J] cables are all rather short The sensor package will be placed on top of the

APPLE Ii. The display, printer, and disk drive will have to be placed on

] Ii 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.

.JJ b. Printer interface card • Slot #5.

c. Disk Controller card Slot "6

Slots #0 and #7 will be empty.I
The following cables must be plugged into the APPLE II:

a. Cable irom sensor package to Game Controller socket. (NOTE: be

careful of polarity I

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

c. Disk Controller cable from interface to disk drive.

lji
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d. Printer cable from interface to printer.

e. Power cable from 12 Ov 60 Hz outlet to APPLE II power supply.

]

The following cablvs must be connected to the sensor package:

a. Cable from APPLE 11 frequency counters. (Thick black bundle)

b. Power cable to 120 v 60 Hz power outlet

3. Attach Air Connections to Sensor Package.

a. Connect ambient air sampling line to 1/8" SWAGELOK ambient air

Iinlet connector. Air presented to the sensor inlet must not be

pressurized. It must be at ambient pressure.

b. Connect air scrubber to I/8" SWAGELOK scrubber inlet. The

] ! scrubber should be examined daily. If the indicating Drierite has

turned from blue to pink over 90% of the length of the Drierite bed

-J then ft must be replenished along with the charcoal. This will

I I probably be required every 8 lours the system is pumping air.

1]

],
1'

*1i
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III. 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 powere-i 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.

c. Printer power. (Also, make sure printer is ON LINE' or the system

will hang up until it is on line).

d. APPLE 11 power switch.

Turning on the APPLE II power will automatically cause it to boot'

itself by loading programs from disk. Once the cursor appears on the

Sdisplay it is a good idea to look at the 'CATALOG' ol the disk. If the catalog

ir dicaces 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):

]RUN CRIX SAW

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

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

descriptivc- information. Enter whatever is appropriate as long as the entry

Ii
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is less than about 100 characters long. Hit 'return" to proceed after each

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"

!) 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 simultaneously. 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 I I data acquisition

program (CRDC SAW).

Problems, complaints, and inquiries should be brought to the attention of

Hank Wohltjen

(703) 250-5336 (Microsensor Systems, Inc.)

(202) 767-2536 (Naval Research Lab)

(703) 250-7932 (Home)
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1. kEJI
I Z.'97 REM TLIVI,1 L;ULLNr.jIu Lit-;:
193 Z, REM *(LOGIC I ON GAmLE PIN j41.;)
1299 REM *
140(0 ZZ - PELI" (49L241)
1416 REM *
1 417 REII * TURN PUMP ON
1418 REM *(LOGIC 0 ON 0AME PIN 4114)
1419 REM 4
1420 ZZ - PEEK (49242)
1500 PR INT
1510 PRINT
1520 PRINT " SAW DATA 'ACQUISITION FPROGRAM"
1527 REM *
1528 REM * INPUT EXP. PARAMETERS
1529 REM *
15-10 GOSUB 51000
1.521 REM * PRINT HEADER
15:3 GOSUB 52000
15Z5 HOME : VTAS 5: HTAB 7
1540 PRINT TURN ON SAW SENSORS-
1550 PRINT : PRINY
1555 HTAB 5
1560 PRINT SYSTEM WARMUP IN PROGRESS-;
1980 REM *

195o2 REM *
1990 REM ******************
1991 REM *
1992 REM *199Z REM * MAIN PROGRAM

1994 REM *
1993 REM *
1997 REM *
19G REM *
1999 REM *
200Q FOR N I TO 7
200ý5 GG = 0
2010 GOSUB 25000
2-20 NEXT N
2070 HOME
2097 REM *
20 9B REM ****** ,****.*** *******.**

2099 REM *
2100 P'P =0

-211Z T%= 0
2120 T = 0
2 10 SO =5
2140 SF =10

215Z0 SE =15
2.15 REM*

2190 GG 1
207 REN *

220-3 REM ****************.**
2209 REM *
210 REM MODULATE & ACQUIRE
2211 REm *
2213 REM ********* ***********
-214 REM *

2220 FOR N I TO E
22-2- v I Ab 4 HA
2 22 IF" N 1 THEI, PRINT "rIjRrIt* "-

rr-P F' P --



C Tjr:,7,' [IJJI: r

=20 IF N , SO "iHEp 2 = r-EE" (r.40): RI'NT 'S,-MFLING":
Z:~:A r.rtrw
:227 REM , TUF1J Srji.Lr.;olrn OFF-
• . REM *
2=9 REMP
2240 IF N , SF TFIEN ZZ = PEEK ('19241): PRINT "PURGING ";
2257 REM
2258 REM * GimE SAW FREUS.
2:59 REM •
2260 GOSUD 2000
2266 REM *
2267 REM * CHECK STATUS OF ESE
2268 REM *
2270 GOSUB -0000
2280 NEXT N
2295 REM *
2296 REM *
2277 REM
29298 REM * COMPUTE PEAK SIZE
2279 REM *
22.00 GOSUD :5000
267 REM *

2=63 REM * SAVE DATA ON DISK
2Z69 REM *
=270 GOSUS 5s::o0
2497 REM *
2498 REM * PRINT RESULTS
2499 REM *
:!sc'0 GOSUB 260,0
:o, orCOTG 21C ,
Z990 REM
3992 REIl *

4000 REM
4001 REM
499,:) REMI
4992 REM *
499Z REM * ERROR HANJDLEr
499.5 REM *
4999 REM ***4,***************
5000 TEXT
5005 HOME
5010 PRINT : PRINT
5020 JL - PEEIK (222)
5022 PRINT : PRINT
5024 PRINT : PRINT
50):( PRINT "ERROR # - ";JL
5021 PRINT PRINT "EJRkO' 19 MCArNS DIS. FULL-
53:: PR INT PRiINT
5040 PRINT "INSERT AlNOTHFIP DISK IF REQUIRED"
-0';5 PRINT :INT
5046 FR II.JT P I rJT
505.0 lNPUT "PRESS RETUNZ... rH
5060 GOTO 57ro000
9V99 END

25,C0 ) I ;•r'I i
.5.'2 REM * FREQuErEC'/ DATA ACOUISIT:ON

REM * R'J I NE
250Q.4 ýEM t
:751'05 REM * D FTU C NC Y

25006 REM
25009 REM *

25f'20 REM *
"A 4•9296

Z5060 VTA. 15: HTAD 1Z
25!:170 PRINT "REAL TIME DAr.;
250O0 VTAD 17: 11TAP Z

-0 RINT "E.APSED TIME SAW FhlE'. DELTA-.
-_092 VTArj 18: HTAD
=.S094 FRINT -------------- ---------------
2Z 1I01 ZZ P FEEK" (A)
25200 IF ZZ = 255 THEN GOTO -'1i,'-)
_5400 kIC KK 1 I



2Z497 REM
2S498 REM
2M499 REM

2=00 -I(,K PEEK (472903)
.7,502 B02%(1,KK) = PEEK (49Z99)
25504 83.( K)= PEEK (49ZQ:')
2:Z~06 ZZ -PEEK (49Z,)::
25510 -la2K PEEK (49714)
=.ZZ12 B82%(2,KK) = PEEK (49-15)

25S14 B37(2,1ZK) = PEEK (41;316)
25516 ZZ = PEEK (49318)
=~20 51Y.3,KK) = PEEK. (49ZZ0)
2=22 -2.,K PEEK ( 4 7:7 I)
25524 B3%(3.,KK) - PEEK (49=32)
25526 ZZ PEEK (49'34)
2~550 81%(4,1,K) = PEEK (49Z46)
255'-2 D2.4)A)= PEEK (497,47)
25=34 SZ3X(4,100 - PEEK (49Z48)

25Z6U = PEEK (4q--50)

-5597 REM*
2S5~99 REM 4**4*****

'-':99 REM
.5600 Z U PEEK' (A)

21) IF ZZ - 127 THEN GOTO =6~01)
25690 REM
25693 REM *~***.***

=696 REM

.51 IFK = 2 THEN GOSUB :eO)OO
25720 IF KK = 10 THEN GOSUB 27000)

251,013 GOSUD 31 01)t
2.5970 R2TURN
.. 600f) REM *
26C0o3- REM*
26004 R~EM * CALC. AVG. FR'EQ.
26007 REM *
2.6010' REII
2 610C)0 FOR I =0 To Z

262 FO O1 STEP 2'

261S.) FACI) - AV / 4
26Z-()0 NEXT I
-6990) RETURN

2700C0 REM *********

:27003- REMI *
700~5 REM * PRINT RESULTS

270o9 REM*
--70'10 REM *****..~*
2710C. HTA'o
-7110 VTAtL 2 1

271-_. PRINTr r:, 114

27200 FOR I =*O TO Z
71) VTAd3 (21 + D)

27215 H T AD I E;
Z72-21:1 PR INT "it"; 1;."
27220C HTAEc -_2

27'240C PRINT P(I).z
27-):1) NCXT I
27001 T% T% T+
27020: T =T% 1
279,04) IF T > !).G *'rHEN T 0
27990?C RETURN



2 cc02 REM M
28005 R EM & 5 POINT SMOOTH
2b009 REM 0
:aO 10 REM *~e.e.*..
23100 FOR r - 0 TO 3
= 00 "F(I,5) " FF(I,4)

= O310 r(I,4) v FF(I,Z)S..8= 20 FF (I,3) - FF (I,--)

S23Z0 FF(I,2) = FF(,I)ZSZ40 FF(l,l) - FA(1)
08500 F(r) = FF(I1i) * FF(I,- + FF(I,3) FF(1,4) + FF(I,5)

28600 F(1) - INT (F(1) / 5)
28700 NEXT I
23990 RETURN
29000 REM **4********
29001 REM *
2900.5 REM * FIND DERIVATIVE
29009 REM *
29010 REM *
29100 FOR I = 0 TO 3
29200 D(r) = F() - OF(1)
29Z00 OF(1) P(1)
27=0 HTAV Z;Z
29Z40 VTAR (:1 + 1)
29350 PRINT "
29360 HTAD 3-
293-60 PRINT D(1);
29400 NEXT I
29990 RETURN
0000O REM

30001 REM *
Z-0003 REM * STATUS CHECKER
Z0004 REM *
: OC'l1 REM *
3700:19 REM *I! :':25" IN a PEEK (49152): POKE 49168,0:0260 IF INJ < > 155 THEN RETUr4N

Z0267 TEXT : HOME
Z0270 VTAE: 21
3027: INPUT "STORE DATA ANI) CUIT T (Y OR N) ";J$l 3r,0275 IF Jr.• - "Y" THEN' GOSUE 3(0 END
30276 INPUT "COLLECT MORE DATA ? (Y OR N) ";C5
30277 IF Os. - "N" THEN END
Z0278 HOME
Z0230 RETURN::():209 REM *,***• *******.

OZ7.0 REM *
' :30 9! REM * "L.OT ,AT,
Z0292 REM *
Z:f)29 REM *
Z07700 lF CC - 0 THEN RETUrirI 37,.)ZZ R•ETuFRN

Z:4,)O FOR I = ) "1O
.04G D = D(I)

30500) V = 08 - 20 * (D / FS)
S3c)510 IF Y < 0 THEN Y = 0
Z0.20 IF Y 40 THEN Y = 40
Zos6o FPLOT NY
.UOL:30) NE XTr I
3090,10 RETURN



.IO0 1)) R :M * . •..... . . * . b

131005 REM * REASSIGN DATA
73,1"109 REM
31010 REM
31100 FOR I = 0 TO 3
31120 RF(IPP) = FA(I)
31200 FOR J I TO O10
31300 FR(I,J) (B1%(I 1,J) * 65536) ÷ (B2%(l + 1,J) * 256) ÷ BD:'(I + 1

,J)
31400 NEXT J
31440 FR(I,1) = FR(I,2)
731500 NEXT I
31990) RETURN
35000 REM ***** ***********
35001 REM *
35003 REM * COMPUTE PEAK SIZE
35009 REM *
35010 REM *******************

351'00 SP - 1)
=5200 FOR I = 0 TO 3
35300 SS = 0:ES - 0:IS =:CC i)
35400 SS - RF(I,SO) + RF(I,(SO - 1))
3 .5430 SS = SS / 2
35500 ES = RF(I,(SF + 2)) + RF(I,(SF + 3))
3=553) ES = ES / 2

35600 SL = (ES - SS.) / ((SF - SO) + 2)
35700 FOR J = (SO+ 1) TO (SF + 1)
35710 CC CC +

35720 IS - IS + (RF(I,J) - (SS) - (SL * CC))
35730 NEXT J
Z5S00 SIG(I) - INT (IS / CC)
35900 NEXT I
Z5950 RETURN

REM *
-6001 REM *

3600S REM * PRINT RESULTS
36009 REM *
36010 REM ***************
3.020 CY = CV 1
310=5 PRINT CHR.: (4) "F'R#5"

36030 PRINT Nt; TAB( 12);SIG(O); TAB( 12);SIG(I); TAB( 12);SIG(2); TAB(
12) ;SIG(3)

36055 PRINT
36040 FRINT CH;X (4),"PRF'*O"
36050 HOME
.6055 VTAR : HTAB 5

36061) PRINT "3 MINUTE SAMPLE & PURGE RESULTS"
36070 VTA& 4: HTAB 16
361.)i00 PRINT "CYCLE 0";CY
3600 PRINT
-,1 00 PRINT

7.62'010 FCrc I = 0 TO

S-:)3610 PRINT "SENSOR P"; FEAK HEIGHT (HZ) = ";SIG(l)
Z64 D.) NEXT I
36990 RETURN

1.



5000--- REMr C0OfORDNATE PLOTTER

SC"')I I I I I I I LI

50007 REM.
5000C4 REM
"50010 REM **.4.****************
:;4):)00 GG = L
50':os RETURN
50090) HCOLF•=0 7

SO 1 10C I HGR2
50120 HPLOT 0,0 TO 0,159

5013-0 HPLOT 0,79 TO 200,79
50200 FOR 0 = 0 TO 159 STEP 15.9

50210 HPLOT 0,0 TO 2,Q
50220 NEXT 0
50300 FOR 0 = 0 TO 200 STEP 20

S5010 HPLOT 0,77 TO 0,81
5020 NEXT a

50900 RETURN

51000 REM *

51001 REM *
51004 REm * INPUT EXPERIMENTAL
51005 REM * PARAtlEIERS
51019 REM *

51020 REM *********************.**.**
51100 VTAB 21: HTAB I
51110 INPUT "DATE ";MS

51120 INPUT "FILE NAME :FA
51140 INPUT "DESCRIPTION ";As
51150R INPUT "TEST ATMOSPHERE ";PsIii 1900 RETURN
52000 REM ************44*********

"s"o" 5 1 REM *
5:004 REM * OUTPUT EXPERIMZNTAL

=200Z RU~M * PArAiETrERS
5=019 REM *
512020 REM **4*******4#*E*

52101) PRINT CHRx (4) : "PR1U5"

5 110 PRINT" S A W D A T A S U 1 M A R Y"
l 52120 PRINT

52140 PRINT
5=142 PRINT "DATE :"Mt

-52140 PRINT 'ATMOSPHERE P;F
5-160 PRINr "FILE NAME :
-,52180 PRINT "DESCRIPT:ON ";As
52=0 PRINT : FRINT : FPRINT

5=240 PRINT "SENSOR 0 : AEIETIC ACID (71) K HZ)

52050 PRINT "*SEriSOf I : FCLYAMIDOXINE ('• ,fIZ)

S52: 1 PRINT "SENSO"' 2 FOLY(ETHYLENE MALEATE) (90 IHZ)
52270 F RINT "SENSOI• 2 : FLUOT7O POL'YOL (107 KHZ)"
522130 TPRINT RIT : PRINT

52290 PRINT " FREQUENCY SHIFT (HZ) AFTER - MI. EXPOSE AND PURGE CYCL

52295 PRINT
S52300 P RINT "FILE NAME SENSOR 0 SENSOR I SENSOR 2 SENSOR 2"

S5705 PRINT -------------------------------------------------
5::;:1: PRINT
52740 PRINT
52900 PRINT CHR.i (4) "PRItO"
52900 RETUFON]i1530,'15•':Z000 REMI•M** .. ""** ' *'' '*"

1 REM

3il

3j1i ~i



ýOZ~f REMi a DISK. STORAGCL F-Ou~Ttr

=027 REM 4 e

ZZ028 REI N TURN OFF SOLENOID
I Z030 ZZ - PEEK• (49241)

I I040.DU.I DU + I

PR050 ONERR GOTO F000C
S-100 HOME
ýý180 VTAD •2,: HTAP 7
53 190 FPRINT "DATA E;EING STORED ON DISW"
S'3200 DS - CHRZ (4)
Z = 22 0 NS - F-1 + STRX. (DU)

Z3240 PRINT DS;FOPEN ";NSZZ260 PRINT DSI-DELETE ";NZ

==280 PRINT D0;"O'EN ";NTSZ3300 PRINT DS -"WR ITE " N•"

=1310 PRINT PP
S3=20 PRINT MX
53=0 PRINT PS
53Z40 PRINT NZ

5Z-SO PRINT AS
Z3•60 PRINT SO
53370 PRINT SF
Z'=80 PRINT SE
S57500 FOR i = 0 TO
Z; Z352 0 FOR I = I TO F'P

S5--540 PRINT RF(JI)
ZZZ560 NEXT I

53580O NEXT
'=5600 PRINT DS -"CLOSEC;J

Z3600 VTAS '2: - A
:;,; 33820 FPRINT ",

53790 RETURN

t3
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GENERAL SAW VAPOR SENSOR CONSIDERATIONS

Theoretical Model of SAW Sensor Response

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

I ~2 2 { 1 ' _ _

f k k h '- k fo h

where Af is the SAW oscillator frequency change produced by the vapor absorbed
into the coating, k1 and k2 are material constants for the piezoelectric substrate, fo is

the unperturbed resonant frequency of the SAW oscillator, h is the coating thickness, p'
is the coating density, g' is the shear modulus and X is the Lame' constant of the
coating, and Vr 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 delay 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 ( p! ) is small compared to the square of the Rayleigh wave velocity (Vr).

Under these conditions, equation 1 reduces to:

(~k + k 2) hp* (2)
1 2)2)

For Y-X Quartz SAW devices, k1 = -9.33 x 10-8 m2 -sec/kg and k2 = -4.16 x 10-8

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) decreastss. 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

I .



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

SAW Vagor Sensor System Descrigtion

The SAW devices employed in this system have a nominal frequency of 52 MHz. In
fact, the devices are capable 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 line oscillator configuration is employed in the system. In this
design, two SAW delay lines are fabricated on the same substrate. One delay li~ie 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 vasier 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 rn oscillator malfunction due to faulty electrical connections, excessiveI 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. Coatiaig one side of the device (e.g. delay line #1) will
cause the f-equency to increase while coating the opposite side of the device (i.e.
delay line #2) will 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 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 side 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 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
common ground connection for each of the four SAW interdigital transducers. This
permit.; easier installation of the device into the holder. Part number SD-j2-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 tungsten/titanium. The
electrode configuration was selected to provide a reasonably high resonant Q and a
substantial- area of bare quartz 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 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 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 operatinrc 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
10 7 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-Blodgett 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 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 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 priQr to testing.
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PROCEDURE
FOR SAW DEVICE PREPARATION AND MOUNTING

I. CLEAN THE DEVICE

a) Rinse SAW device with solvent (e.g. acetone or CH3 CI ..... cleaning the

device in a Soxhlet extractor is suggested if every trace of a
previous coating must be removed).

b) P-ace 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.

II. MEASURE THE ELECTRODE RES!STANCE

(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 to
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 elim;nate the difficulty.)

Il!. 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 during the clamping process.)
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IV. CLEAN THE ELECTRICAL CONTACT CLIPS (OCCASIONALLY)

a) Remove the clips.

b) Clean them in solvent (P.g. acetone).

c) Ultrasonically clean in isopropanol bath for 10 minutes. Air dry.

V. MOUNT MH" DEVICE ," uNi nam

(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 Ejch 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. It is sometimes helpful to use another screwdriver or
tweezers to hold the clip in position while 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) If good 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.)
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d) Measure the resistance between the IDT connector screw heads (labelled
"A,B,C, & D" on the pictorial diagram) and ground. The resistance should be

greater than 1 Megohm. If it is less than 1 Meg then the IDT electrodes are
contaminated and cleaning is necessary.

VII. TURN ON THE POWER

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

a) Turn on power switch.

b) Observe the system output signal (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 De adjusted to improve the
stability.

,/

- 3I
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MICROSENSOR SYSTEMS, INC.

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

HANDLING INSTRUCTIONS
ji i 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

I jon 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 other 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

i jbe *blown out" by connecting the electrode to a 24 Volt 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
Sperformance.

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.

Uii

I Ji
II
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52 MHz DUAL SAW DELAY LINE
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GENERAL SAW VAPOR SENSOR CONSIDERATIONS

Theoretical Model of SAW Sensor Response

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

f kI+k)f0h p' k2 f~ 0(I X+2

where Af is the SAW oscillator frequency change produced by the vapor absorbed
into the coating, k1 and k2 are material constants for the piezoelectric substrate, fo is
the unperturbed resonant frequency of the SAW oscillator, h is the coating thickness, p'
is the coating density, g' is the shear moc• ilus and X is the Lame* constant of the
coating, and Vr 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 covers 100% of the delay 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 ( g.' ) is small compared to the square of the Rayleigh wave velocity (Vr).
Under these conditions, equation 1 reduces to:

ý f =(kl +k 2 )f hp' (2)

For Y-X Quartz SAW devices, k, = -9.33 x 10-8 m2 .sec/kg and k2 = -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 of 158 MHz. A
dual SAW delay line oscillator configuration is employed in the system. In this design,
two SAW delay 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 and 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 difference 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 "ocking" on to each other. The
appearance of a zero output frequency is usually indicative of an oscillator malfunction
due to faulty 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.g. 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 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 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 side has been coated. Contamination present on the
reference device will produce a signal that is subtracted from that produced by the
coated side. Wiping the reference side of the device with a 0-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 artive area used. The
noise is determined by the SAW oscillator stability. A frequency stability of 1 part in

measured over a 1 second interval is typically achievable with this system. This
translates into a baseline noise level of less than ± 16 Hertz RMS for the 158 MHz
oscillator.

The device intended to be used with the RFM-158A is the Microsensor Systems. Inc.
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158 MHz dual SAW (part rno SD-158-A). This device is packaged in a gold plated 12
pin 0.600 inch diameter TO-8 package. 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 useo 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 plugs 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 device 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. OBSERV'E 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 lid 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.
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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 active 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 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 prior to testing.

The entire surface of each SAW delay line is uniformly sensitive to materials placed
there and application of films over thu 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 cm. The active area of each delay line is approximately
0.2 cm x 0.4 cm.
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I
RF ELECTRONICS MODULE CONNECTIONS

I 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

i 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 Volts) and output (freq. 1, freq. 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.
I Pin 2: The signal from this pin is the frequency difference between the two SAW delay

lines. (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 @5OmA DC).
Pin 6: This pin connects to the ground plane 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
desireable 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

1 Systems, Inc. (part no. SPM-158)

II

ii
II
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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 oscillator. These devices are especially attractive in chemical
vapor sensing applications because of 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/cm 2 . 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/cm 2 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 orcillator 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 0
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
d~stribution. Furthermore, the experimental measurements are often conducted under
z JiTions in which all variables (e.g. temperature, atmospheric presssure, etc.) are not
perfectly 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 Souare (RMS) of Linear Least Sauare Fit Residuals

This method is somewhat unconventional but provides a measura that correllates
closely with the signal processing commonly employed with SAW vapor sensors. In
this methiod, 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 the 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 \1/2

'(N) -- k Y )

where (N) is the Standard Deviation

N is the Number of measurements

Si is the average value o the signal

is the value of the signal at time k

The slope 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 rezeroing 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
time, 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
variance. 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 to the Allan variance of the SAW oscillator
frequency can provide a useful diagnostic measure of the type noise exhibited by the
oscillator (e.g. random, flicker, flicker-walk, etc.). The Allan variance is calculated by
using the following relationship:

N-1 _ 1/2
Gy (To) (N._I1) kl(+,Y=1

where 6y (T.) is the Allan Variance of sarmples taken every T. sec

N is the Number of measurements

Yk+i is the normalized value of the signal attime k+1

is the normalized value of the sigr, al at tine 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 oscillator 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 oscillator tL 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 AF 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. A!I ,cur SAW oscillators were run
simultaneously from the same power supply during the course of these measurements.

The 158 MHz dual SAW delay line and the 668 MHz SAW reson;.tjr were coated with
fluoropolyol (by air-brushing) to determine the extent to whicn the coating degrades the
noise performance of the SAW oscillators. Noise trials were conducted as before
except that the devices were purged 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 oskillator 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 (Hzl DRIFT (Hz/min) A 1LA.- VARIANCE

158 MHz Delay Line 2.8 0.4 1.5 E -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



Coated SAW Device Ageing

It is well known that SAW vapor sensors work best when they are al!owed to "age* at
least overnight after being coated with a vapor sensitive polymer film. The "ageing* of
a 668 MHz coated SAW resonator was observed experimentally by making periodic
noise 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.

668 MHz COATED SAW RESONATOR NOISE vs TIME
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z 
0 LOG ALLAN VAR.
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0

0
.,,

0 20 40 60 80

TIME AFTER COATING (hrs)

Figure 3.
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Vapor Exposure

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/m 3 ). 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 0C

DEVICE COATING VAPOR

THICKNESS (KHz) RESPONSE (,Hfz/,ma/m 3 )

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 reson3tor
freouencies 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
noise 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
delay 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 MHz 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 offered 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 the 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
offers a smaller noise 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 resonator electronics system that is
optimized for coated performance may yield a sensor capable of vapor detection limits
several times lower than those achieved by delay line devices.
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PQL'(ETHYLENE MALEATE) VARIANTS FOR SAW
MICROSENSOR COATING STUDY

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

ABSTRACT

A series of II polyester coatings, structurally related to
poly(ethylene maleate), PEM, were synthesized, characterized and
evaluated for relative sensitivity to dimethyl methylphos-
phonate, DMMP, vapor. Characterization incl,,ded IR and NMR
spectroscopies, DSC, MW measurements and splubility 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

.- were the most sensitive coatings. Crystalline polymers had
lower sensitivity than amorphous polymers. Relative sensitivity

* did not correlate with DMMP-coating solubility parameter match.

-, INTRODUCTION

Microsensor coatings with highly sensitive, reversible and
l0selective absorptions for particular vapors are critical to the
: successful development of electronic chemical microsensors. In

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 d~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

- of an appropriate functional group to sprve as a vapor receptor
.. ;:site and the thermodynamic considerations of solubility inter-
iactions. Previous work from this laboratory has emiloyed a

"m-odel reactive polymer-vapor system based on the Diels-Alder
reaction between poly(ethylene maleate) atid cyclooentadlene 2 , a-. series of amidoxime functionalized poly(butadlene-co-acrylo-

"initrile) coatings 3 and a comparative study of homopolymer
'coatings from N-vinylimidazole and 4(5)-vinylIlmidazole 4 . From
this work, useful information has evolved regarding effect of
intrinsic simulant vapor pressure, discrim.nation of chemi-
sorption from physisorption, effect of coating glass traniition
temperature and match between polymer coating and vapor solu-
bility parameters. When iensitivity to the simulant DMMP is
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considered, PEM has been one of the most sensitive coatings
tested. This sensitivity is not currently understood. The
approach 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
",ester simulant sensitivity and of obtaining additional insight

to the coating-vapor interaction. This includes twelve
different polyesters, chemical characterization (structure,
molecular weight, Tg, Tm, 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
-5osometry using a Wescan Molecular Weight Apparatus Model 232A
41'(chloroform solutions, 300C, benzil calibration). Polymer
-- density measurements were made by density matching with heptane-
- carbon tetrachloride mixtures. Solubility parameters were
"-9determined from group molar attraction constants (Coo e ter,, 302
ý)(cal cm3 )- 5 mole- 1 ; -CH 2 -, 124; -CH 3 , 209; =CH-, 103; T.,

"-90; -Cl, 265; o-phenylene, 610). Inert atmosphere dilution of
* DMMP vapor and SAW frequency response measurements were made as

described in companion papers for 112 MHz 5 and 52 MHz 6 .

Polymerization apparatus consisted of a 25 ml pear-shaped,
'two-neck flask fitted with a miniature Dean-Stark trap, con-
denser, nitrogen Inlet and 3/8 x 1/4 in. magnetic stirring bar.
The condensed byproduct (water, methanol or ethylene glycol) was

:'dlstilled 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.

Poly(ethylene oxalate), PEOX, was prepared by reacting 5.00
..g dimethyloxalate (recrystallized) with 2.89 g ethylene glycol

catalyzed by 0.04 q p-toluene sulfonic acid, PTSA, at 140 to
150"C for 2.5 hr. followed by heating to 170-180'C under vacuum
for 3 hrs. Attempted dissolution of the product in CHC1 3
resulted in dispersed of an opaque white solid. This product
was filtered and purified by 7 acetonitrile extractions 7 . Yield
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0.55 g MP 149-153"C (lit 157-159-C 7 ). IR (neat) 2997, 2968,
2897, 1778, 1748, 1469, 1260, 1044, 889, 778 cm- 1 . NMR (DMSO-d 6 )
6 4.52 (S, CH 2 ). 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 1700C 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 CHC1 3
and precipitation into 350 ml CH 3OH. Yield 3.62 g.IR (neat)
2970, 1755, 1740, 1450, 1415, 1380, 1335, 1280, 1150, 1045, 985,
870 cm'm. NMR (CDCl 3 ) 6 3.41 (S, IH), 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 C6 H5 Cl (distilled) with
'2 ml toluene (for Azeotroping water byproduct) at 125 to 1300C
for 5 hr. The temperature was then raised to 170"C for 8 hr.
with 3 displacements of 2 ml C6 H5 Cl. The vacuum was then

:applied for 3 hr. The product was purified by dissolution in 30
e'ml CHCl 3 , filtered and precipitated into 200 ml ether. Yield

22.96 g. MP 95-97'C. IR (KBr) 2970, 2940, 1737, 1390, 1220,
2U11168 cm- 1 . NMR (CDCI 3 ) S 2.65 (S, 1H) 4.31 (S, IH). Density
27 1.357. MW 2180.

Poly(ethylene maleate), PEMý was prepared as previously
-.' 3descrlbed,. 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'C 8 . The reaction was worked up by
addinq the mixture to a saturated NaC1 solution at 0C followed
by separation of the oil and ether extraction. The combined oil
and ether extracts were extracted with 5% NaHCO 3 , dried and
vacuum distilled (80-83'C/8 torr). Yield 20.5 g. IR (neat)

"2961, 2829, 1731, 1440, 1270, 1047, 898, 750. 6 10 cm". NMR

S(CDCI 3 ) 6 3.86 (S, CH3).

Dimethylmethoxyfumerate, i)MMF, and dimethyl-a,a-dimeth-
" oxysuccinate, DMDMS, were prepared by an identical procedure to
"-"DMADC except the temperature was'increased to 60"C. After

distillation -f the DMADC, the DMMF solidified in the condenser
"A(90-95wCi9 torr). After collection of the DMFF, the DMDMS was

distilled and collected as a liquid (100-110"C/1 torr). For
DMMF: MP = 97"C. IR (KBr) 3100, 3002, 2948, 2857, 1733, 1670,
1645, 1445, 1345, 1260, 1220, 1105, 1030, 780. NMR (CDCL 3 ) 6
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), 3.69 (S.
3H), 3.873 (S, 3H). MW 207 (calc 206)I
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Polymers from dimethylacetylene dicarboxylate and ethylenet
glycol, PEADC 1:1 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 (for PEADC 2:1) c&talyzed by 0.03 g PTSA at

140-150"C for 2 hr. followed heating to 170-1800C under vacuum
for 2 hr. The products were purified by dissolution in 4 ml
CHC1 3 and precipitated into ether at -200C. For PEADC 1:1:
Yield 2.50 g. IR (neat) 3550, 2965, 2900, 1740, 1630, 1445,
1260, 1045, 760. NMR (CDCl 3 ) S 3.11 (S), 3.8 (m-broad),
4.15(s), 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 (CDCl 3 ) 6 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 in 6 ml diglyme (distilled) with
2 ml toluene (for azeotroping water byproduct) at 160-170"C for
5.5 hr. The tempereture was then raised to 190-2000C, solvents

:distilled and vacuum applied for 3 hr. The product was purified
.. by dissolution in 4 ml CHCl 3 and precipitation into 100 ml
iether. Yield 1.79 g. IR (neat) 3080, 2965, 2890, 1733, 1280,

.- 1130, 1070, 745. NMR (CDCl 3 ) 6 4.50 (s-broad, AH), 7.58 (m,
'2H), 7.70 (m, 2H). Density 1.325. MW 1540.

27: Poly(ethylene methylmaleate, PEMM, was prepared by reacting
28:2.00 g methylmaleic anhydride (distilled) with 1.11 g ethylene

2glycol catalyzed by .025 ml titanium tetra-n-propoxide (dis-
")tilled) in 6 ml diglyme (distilled) with 2 ml benzene (for

azeotroping water byproduct) at 140-150*C for 22 hr. followed bv
2 hr. at 160-170"C. The product was purified by dissolution in
10 ml CHC1 3 and precipitation into 300 ml ether. Yield 1.50 g.
IR (neat) 2975, 1740, 1655, 1450, 1385, 1270, 1180, 1060, 970,
885, 775. NMR (CDC1 3 ) 6 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 130-1400C for

2 hr. One ml toluene was added to wash by reflux some of the
/dirmethylmaleic anhydride, which had sublimed into the flask
-neck, back into the reaction mixture. The temperature was
i increased to 140-150'C for 24 hr. Vacuum was then applied for 3

' :)hr. Approximately 1.5 g dimethylmaleic anhydride sublimed into
";"the trap. The residue product was dissolved in 2 ml CHC1 3 and

precipitated into 100 ml ether. Yield 0.30 g. IR 2960, 2880,
1725, 1650, 1270, 1100, 765, NMR (CDCl 3 ) 4 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 150-1550C for 2 days. The product was purified by
dissolution in 5 ml CHC1 3 and precipitation into 250 ml ether.
Second and third reprecipitations into CH 3 OH and ether was
necessary to remove residual dichloromaleic anhydride. Yield
2.60 g. IR (neat) 2970, 1751, 1600, 1250, 1040, 765, 680. NMR
(CDCl 3 ) a 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 l45WC for 13 hr. The tempera-
ture was then raised to 160wC 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, disbursed in 20 ml CHCl 3 , filtered through
silk screen to remove gel, and purified by dropwise precipi-
tation into 300 ml of ether at -200C. Yield 2.1 g. IR (neat)
3070, 2980, 2920, 1747, 1650, 1415, 1220, 1180, 1050, 825. NMR
(CDC1 3 ) a 2.05 (quintet, IH), 4.3 (t, 2H), 6.3 (S, 2H). Density
1.225. MW 2050.

RESULTS AND.DISCUSSION

S.. 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

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
structure 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 (Tg and Tm) 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 I 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 noteworthy. 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 yields.
In the case of PEOX, the synthesis is complicated by a cyclic
dimer-linear polymer equilibrium9 . The equilibrium

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 7 . This polymer purification involves a tedious
series of acetonitrile extractions. The transesterification of

- dimethylacetylene dicarboxylate is complicated by a competing
"reaction involving addition of the hydroxyl group across the

''triple bond. As a model compound reaction, we observed methanol
zL:to add across the triple bond of dimethylacecylene dicarboxy-
- !late and isolated the 1:1 and 2:1 adducts.

"" CHICH3 0 OCH3  0 CH0Z' 3OCH30 > OCH 3 "-

H- CH- 3  0 OCH3CH3
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 coating.
Physically, this coating is a chloroform-soluble hard gum which
is very desirable for the SV4 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 Tm
measurement although the endotherm for PEDCM was very weak
:indicating a low level of crystallirity. 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.
values are all below room temperature, and generally follow the
dependence on intermolecular forces and chain flexibility.
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As a measure for solubility interaction, the Hildebrand
solubility parameter is a simple and useful index although
limited to the regular solution model. Values for the polymers

,of this study are presented in Table 1. They are measures of
:,solvent-solvent interactions and follow the polarity of the
'structures. An attempt was made to measure the hydrogen bond
, baslcity of these coatings by 1 9 F NMRI 0 . 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 vapor sensitivity measurements for DMMP were made with
1125 and 52N MHz devices. The 112 MHz measurement included 3
points in a concentration range of 6 to 30 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 is reported as the mass of absorbed vapor normalized to the
mass of the coating. For the purpose of comparison, these 4
measurements are presented relative to the vaiue for the PEM
coating in Table 1.

The agreement in relative responses In some cases is good
(PEMM, PEDCM) while in other cases Is poor (PPM, PEDCA 1:1). .

,`jWhIle it is possible some crossover in relative DMMP sensitivity
e'may occur between the two concentration ranges, this has not yet
2ý'been experimentally studied. It! s possible to extract some
-- 'correlations and trends fruir the!data. PEM and PPM are the most
-Osensicive coatings although all of the coatings are within one

order of magnitude in sensitivity. The coatings in Table I are
listed in order of decreasing solubility parameter witn the
exceptions of PPM, which is not derived from ethylene glycol,
and PEDCA's, which do not have well-defined structures. A
solubility parameter match between DMMP (6 = 10.6 (cal/cm3 )- 5

mole- 1 ) 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 morphology, those polymers which are crystalline (PEOX, PES,
PEA and PDCM) have lower sensitivity as might be expected since
crystalline regions should be less vapor penetrable. In
general, it appears that polyesters have a high sensitivity
toward DMMP but that more accuracy in the SAW measurement or

* perhaps determination of the total adsorption isotherm is
'"necessary to discriminate the effects of small structural

changes within this class of polymers. It is noteworthy that
all are soluble in chloroform except PEOX.
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TABLE I
Polyester CharacterizatiGn and DMMP Vapor Response Data

Polymer Structure Xn Tg Tm 6 SAW Measurement

PEOX / 17 68 150 11.4 .03 .54
o 0

PEMO .o\,,\ ),, 8 -27 10.8 .23 .32

0 0
PES 30 19 97 10.4 .61 .28

0 0

PEM o\7 ___ 32 -10 10.1 1.00 1.00

o 0
PEph- ,00,•J kj,,& 16 3 i0.1 .35 .75

0 0

"PEA \0 22 -50 47 9.3 .56 .13

PEMIM '\""..A\ý 23 -30 8.9 .83 .99

o 0
PEDCM .-°_.,, 77 12 60 8.9 .58 .68

o 0
;'FDM .°.I/ 0,/\ A , 13 -39 8.1 .56 .93

o0 -

rIA0\//026 -16 9.3 2.00 .81

0 0
PEDCA 1: 1 No°• "H + \o k 2 2  7 .28 .93

1 1

0 0
"PEDCA 2:1 o ON+'o0)A' 20 -8 .49 1.07
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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 response
measurementi 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 LIMITS OF CHEMICAL NIICROSENSOR TECHNOLOGY

James Murday*, Steve Caras* and Hank Wohltjen*

ABSTRACT

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.

INTRODUCTION

A number of micrnfabricated, solid state devices are being investigated for their
I potential as chemical sensing devices. 1 4  Several of these devices are particularly

attractive for the difficult problem of detecting/monitoring chemical. warfare agents.
Qver 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
to predict their ultimate capabi!ities. Nevertheless, a more detailed knowledge of the
physical principles by which these coated devices function is emergin'g. By carefully
analyzing the coated device physics it is possible to predict some of the major
advantages and disadvantages of the various approaches to chemical microsensor

I technology.'

TABLE I
CHEMICAL MICROSENSOR CONCEPT

Probe Sensitive Property Selective Property
---------------------------------------- -------- ----------------------------------
Surface Acoustic Wave Mass, Modulu. Solubility
Optical Waveguide Refractive Index Solubility + n (A)
Microelectrode Array Electrical Conductivity Solubility + Oxid/Rad
CHEMFET Interfacial Potential Solubility + Dielectric

-------------------------------------------------------------------------------

The availability of microsensors grouped in arrays will help solve the problems of
obtaining adequate chemical selectivity in a complex environment.s-' An individual
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 pra~ctice. However, for detection and •
alarm applications, quantitative analysis is not necessary. Rather the sensor instrument i
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.9 The most common configuration for a Surface
Acoustic Wave (Rayleigh wave) vapor sensor is that of a delay line oscillator 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 tee 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.1 °'1  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 shift 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.' 3 The same device exhibits a typical "noise" of less than
30 Hz RMS over a ! second measurement interval (i.e. l part in 10T). Thus, the 1I
nanogram mass change will provide a signal to noise ratio of almost 50 to I.!

Th eelpetof coatings to selectively adsorb chemical agents is proceeding

steadily.s" 4 "' 7  Solubility has been found to be a very effective guiding principle in th,:
design of sensitive and selective coatings. 1 1' 9  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/sirnulants: 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/in 3. 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 an 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 whcre the state-of-•
the-art might lie in the year 2000. These conclusions are summarized in Table 2. There
are many new applications of acoustic microsensors that are emerging. Recent

4,06



(4 c
* 4 14 - -4

o-04

o 0 o

C6 0

o 0 C03

I~ c0

w407



developments by Bastiaans, et. al. 21 and Thompson er al.22 have extended the use of
micro-acoustic wave technology to monitoring immunological reactions in solution with
very high sensitivity. 21 This approach is being actively investigated for its potential in
detecting toxins and other biological agents.

CJIEMIRESISTORS

As the -.tme suggests, chemiresistors are chemically sensitivt 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 Insulating"
substrate upon which the electrode 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 I
ppm. 4,S With a specially prepared Pt phthalocyanine derivative film, the Naval
Research Laboratory has demonstrated the selective detection of DMMP at concentrations
below 5 mg/rm3 with response times of about 20 seconds. This same coating showed
selectivity between DMMP and water vapor of 1000 to 1. Film deposition was
ac-omplished using the Langmuir-Blodgett method. The phthalocyanines have also been
shown to be quite sensitive to chemical warfare agents in other work23. 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. Generaly 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 10-13 to 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 106 to 101. 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 10-16 grams, 3 to 4 orders of magnitude better than anything believed to be
possible using a resonant piezoelectric device such as the SA"' sensor. Based on our
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

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

ith the environment may be avoided (emission spectroscopy), wavelength selectivity may
.ntroduce an additional degree of freedom and fiber optics can facilitate remote detection

-where the electronics package is located in a centralized, secure site. The optical
pproach has a number of generic disadvantages including susceptibility to stray light
nterference, possible photodegradation of organic and polymeric materials and somewhat
imited dynamic range. Seitz26 has published a general review of fiber optic approaches
to chemical sensors; several other reviews have been published which focus on optical
etectors for immunoassays in liquids.2 7 "29

There are five conceptual approaches to optical chemical sensors discussed in the
literature: absorption, scattering, refractometry, emission, interferometry. Of these five,
only 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 to the identification of molecules; it is
a bad approach to trace analysis as one must look for small changes in a large signal.
Emission, the inverse process to absorption, is recognized as a technique for trzce
Ianalysis; fluorescence emission has been exploited by a number of researchers for
detection in fluids.-"-'I This approach has the desired characteristic of increasing signal
for increasing concentrition, but only if the species fluoresces or reacts with a
fluorescent coating. This restriction limits the breadth of this approach.

Photorefractometry dates back to the 1950's when it was used to sensitively measure
the complex index of refraction n* of liquids.31  Photorefractometry makes use of the
critical angle for light reflection when proceeding from a higher index of refraction
media into a lower index media. Light incident on the interface with angles below the
critical angle (i.e. closer to norm,,, incidence) tends to be transmitted; above the critical
angle it is reflected. In a waveguide this corresponds to light leaving the guide
(radiative modes) and remaining in the guide, respectively. Designed careful!y. a
photorefractometer has been shown to measure changes in n* of I part in 106.
Tiefenthaler et al. 3 2-33 have designed a single mode waveguide approach to
photorefractometry which has shown sensitive detection of gas phase chemical species
(H 2 0, ethanol, and acetone). With demonstrated sensitivity to -0.1 ng H2 0 this
technique is promising, but it needs more research to define its full potential for gas
phase 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. Giuliani et
1.4"3 5 have demonstrated the detection of gas phase chemical species using a cylindrical

multimode waveguide; their work reports signal versus concentration data for several
pecies, including G-agent simulants. Detection of species at the parts per million level
n the gas phase 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 results are promising in that simple, inexpensive
components made up the system.

When a clad optical fiber is coated with a material which changes size under the
onfluence of an external field (temperature, electric, magnetic, etc), the small change in
optical path causes a phase shift in the light propagating in that waveguide which can be
detected by watching the interference fringe pattern set up by mixing the light from an
uncoated waveguide.3 6  Butler3 7 has shown that this concept will work for gas phase
chemical detection; he demonstrated sensitivity of I to 10' ppm H2 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 H2 and that polymer coatings may be able to extend the
range of detectable species. This approach is inherentli very sensitive, but its utility
will be governed by as yet unknown coati.,gs.

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 concenwration 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 9.41. A selective coating can be deposited in this gap. A
potential applied to the gate electrode is dropped across both tCe coating and the
insulator, the relative amounts determintd by their impedance characteristics. The
sensitivity of the CHEMFET depends on the transconductance g, of the device, and the
altered potential resulting from a change in the coating impedance. Suspended Gae
CHEMFETs have been used for chemical vapor detection..39 "40  iosowitz40

electropolymerized polypyrrole on a Suspended Gate CHEMFET; charges in -3rk function
were measured in response to various gas phase dipolar solvents. In princPie, a
chemiresistive coating could be applied to a Suspended Gate CIIEMFET (or to an
interdigitized array in series with the gate of a MOSFET).

CONCLUSIONS,

The SAW sens'.r 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 arid
passivation problems. The impct,',s for further development of the three trailing
technologies lies in two observations. First, each has its own set of
advantages/disadvantages which Mnay 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 interference. Second, when presented with an unknown
compound, an analytical chemist will choose a suite of analytical tools to measure several
physical properties. In this way, a more definitive identification can be made. The same
will inevitabl, be true for chemical microsensors.
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C. CHEMIRESISTOR VAPOR SENSOR COATINGS: STRUCTURE AND PROPERTIES

W. R. Barger, A. W. Sn w, J. L. Dote, R2 Price and
M. A. Klusty and K. Wohltjen2

hf
Practcal aporABSTRACT

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

jfl 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 transfer promoter
used in the Langmuir-Blodgett deposition technique. Kinetic
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 characteristic of the detected vapor.
Chemiresistor vapor sensors have the potential for use in thisSmanner. Chemiresistors can be made by positing thin coatings
of organic compounds over planar interdigital electrodes
microfabricated on small quartz substrates. A coating is

I required which changes its electrical resistance on exposure to
the vapor to be sensed. The fact that phthalocyanine compounds
exhibit changes in c3nductivity on exposure to vapors has been

j known for many years , and a gas sensor using vapor-deposited
I phthalocyanines was described by Japanese workers in 1978SChemiresistors made by sublimation of different metal

phthalocyanines onto interdigital electrodes were examined, but
it wgs found that at roomtemperature, 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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Smethod of preparing reproducible coatings of precisely controlled

"thicknesses is the Langmuir-Blodlett (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 -a time,, to a

solid substrate by repeated passing of the substrate through the
air/water interface. Organic derivatives of phtha]ocyanine
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 5 eversible 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 chemirisisiors 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 range
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 mixed monolayers
containing octadecanol have been reported elsewhere . Studies
of the the LB films of these compounja 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 control 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 inole ratio chloroform
solution of metal-free tetrakis (cumylphenoxy) _hthalocyanine
(H Pc(Cp) ) with octadecanol, 5 ml of a 4 x 10 M
soiution if 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 replica 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 ratios on the order of 10 or more
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i Figure 1. TEN image of a 45 0 Pt-shadowed LB film of 1:1 metal-
free tetrakis (cumylphenoxy) phthalocyanine and octadecanol.
Nodule diameters range approximately from 500 to 800 Angstroms.
'Their heights are estimated at approximately 50 Angstroms.

�t o 1. Contact angle measurements indicate that the top side of
the film is hydrophobic. However, not enough octadecanol is
present to cover the entire top surface of the film with a close-
packed monolayer such as would be found in a true emulsion or3 micelle. The bottoms of the pancake structures may be
hydrophilic, which would be consistent with the apparent
behavior of this complicated structure as a classical LB film.2 Stacks of phthalocyanine molecules with the bottom molecule of
the stack flat on the substrate woull be consistent with the
Resonance Raman Spectroscopic data . The area per molecule
determined by film pressure vs. area measurementi is too smallII 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 some3 anisotropy and may lead to a calculation of an approximate
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
containing some oriented stacks of the tetrakis (cumylphenoxy)
phthalocyanine. All stacks need not be perfectly aligned like
in a crystal. Since the nodules. are formed by evaporation ofI the chloroform from a 1:1 mole ratio mixture with octadecanol,
some octadecanol is likely to be trapped inside the nodules. A
monolayer of pure octadecanol probably occupies the voids
between nodules on the silica surface.

I b Influence of Transfer Promoter on Thermal Stability

I Experiment. Differential Scanning Calorimetry (DSC) was
used to compare the thermal stability of several LB films and
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corresponding bulk transfer prc-moters.. 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•l 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
150 C, and the heat absorbed or released was observed. The
transfer promoters stearyl alcohol, stearyl amide, and stearyl
amideoxime were studied as bulk pure comrounds, as LB films, and
as LB films mixed with H2 Pc(Cp) 4 . Results are in Table 1.

2_ 4.
Table 1. Melting Points by DSC

---------------------------------------------------------------------------
Transfer Mixed LB Film LB Film Bulk Bulk
Promoter w/H 2 Pc(Cp) 4  (meas.) (lit.)
-------------------------------------------------------------------
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 520 during the first rising temperature run. Successive
heating and cooling cycles show a different DSC thermogram shape.
Morphology changes may have occurred during the first run. In
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. In 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 general 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 theproperties of candidate coatings for both chemiresistor and
surface acoustic wave (SAW) microsensors were conducted using a
dual 52 MHz Sly delay line oscillator with one 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 is direcily
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

1 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. I

C = Mass of vapor absorbed
dC = kC2 Co - Mass of vapor when saturated
dt kdtk = Rate constant

t - Time

OUTGASSING ABSORPTION

C Co kt C = 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
shift•icould be obtained by calibration of the SAW device with LBI films . An absolute calibration was unnecessary when only the

Srelative quantity of vapor absorbed per quantity of coating was
* desired. Since the frequency shift due to application of the

coating was measured, and the additional limiting frequency shift
at saturation could be computed when SAW frequency shifts due to
vapor uptake were used for the C values in the above equations,Ith e 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.

• I - Table 2. DMMP Vapor Absorbed into Microsensor Coatings

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

0 Plmrs fr Sawa
lymers fo Saw Sensorsa 0.43-0.96

LB Film Overcoated with Polymer 0.39SC
LB Mixed Films for Ch~miresistor Sensors 0.05-0.13
LB Transfer Promoters 0.01-0.03

a) polyethylene succinate, polyethylene dichloromaleate, poly-
propylene inaleate, and polyethylene maleate.

b) H Pc(Cp) /stearyl alcohol coated with polyethylene maleate.
c) ai listed in Table 1 with the addition of stearic acid.

IJCONCLUSIONS
*I Transmission Electron Microscopy coupled with other

observations indicates that chemiresistor coatings made from
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mixed multilayer films containing phtkjalocyanine derivatives are

much more complex than classical Langmuir-Blodgett films. The
thermal stability of these coatings is determined by the melting
point of thu transfer promoter. Films with melting points above
1000 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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! N. SORPTION KINETICS MEASURED BY SURFACF ACOUSTIC WAVE SHIFTS

David L. Bartley1 ,
Dawn D. Dominguez, William R. Barger, Arthur W. Snow2 andS~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 minimized 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

ll,1 sampling (i.e., pumpless) constant-baseline vapor microsensor.

INIRODUCTTON

Gas or vapor transfer within polymers represents a central focus of active
investigation from a number of angles. From a chemical or physical point ofview, dynamic information on polymer response provides a useful probe intoj structure and its deformation. Of mathematical interest is the qualitative
shift from dispersive to wave character In solutions of the diffusion equation
as nonlinearities and polymer history become significant. Practical
applications are immediate: Lingering of ha7ardous 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 on recent exposure history, a
succession of such measurements is necessary. So as to make such
experimentation feasible, the appr3ach 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 samples of the order of mm
thicknesses.

Specifically. a polymer film is deposited on a quartz substrate providedwith interdigital electrodes for the transmission and detection of surface
acoustic waves (SAW). Upon'exposure to soluble gas or vapor, mass orelasticity changes in the film may be measured by monitoring shifts in SAW
characteri-;ti:.s. With the extremely rapid SAW detector response instantaneous
traces in time can be determined.
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EXPEPIMENTAL

film deposition

The films uscd in Lhe prcsent series af experiments were composed of
polycarbonate, a gla:sy polymer at room 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 rapid angular
acceleration about an axis perpendiculav to its surface. All but a boundary
layer of solution is thereoy thrown off, leaving behind a polymeric film after
evaporation of the solvent. Film thickness is measured thereafter by
combining measured film weight (and area) with interference fringe shifts.
Crystals with films are kept in a dessicator until used, since humidity
effects were found to be excessive.

Suitability of the solvent was determined by trial and error. Films
deposited from chioroform solutions proved to be plagued by enormous waves in
the polymer. Interest!ngly. thp wave crests ran radially out from the spin
center and bifurcated regularly so that a constant wavelength was maintained.
Measurement of the waves by inte-ferometry 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 -.as solved through the use of a more
viscous and less volatile solvent. Specifically, polycarbonate films spun
from chlorobenzene were found to be entirely wave--free. Perhaps, the
smoothness was obtained Ps a result of reducing boundary layer turbulence by
Reynolds number reduction through kinematic vibcosity increase.

apparatus

The results given below were obtained using a 52 MHz oa.cillator with SAW
crystal in a delay line as described elsewhere.( 4 ) The tVmperature
dependence of the electronics/crystal was found to be excessive at times.
Therefore, in order to minimize any tempei-ature-sensitivity, the entire
oscillator was confined to an enclosure with temperature controlled by heater
and fan to within O.10 C of 31.00 C.

Saturated toluene vapor (the penetrant in the experiments described below)
was produced by bubbling purified nitrogen and was then diluted to the desired
concentration. So as to keep the dead volume delay time to a minimum, a large
flow rate equal to 200 mi/min was selected. With the system dead volume
estimated at 5 mL, 200 m/min corresponds to a delay equal to about 1 sec. A
constant flow system was implemented so as to maintain the instrumental time
lag at a constant value (experiment indicated no flow or pressure sensitivity
of the SAW crystal outside the temperature dependency mentioned above). The
result was a flow system with the capability of switchirg quickly between pure
nitrogen and a mixture of nitrogen and toluene.

experimental 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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In Figure 1 is sho'n the SorpLi•n isotherm obtained from the collective
data of these experiments. Given is the equilibrium SAW frequency shlfl 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. 16 .

Also important is the, approach to 1
equilibrium (set Figure 2). At both O.I2
0 and 100 percent saturation, a 2o

sorption equilibrium is achieved in a • -• .- ,,

m finite time interval, rather than via - o

exponential decay. Such behavijr may . 60 & "own,, Inikae oin nder
indicate motion of a sharp sorption •- 40

front through the polymer as seen 20
optically by some and hypothesized by 20 40 60 80 Id0

m nany researchers.( 5 - 6 )
A summary of other nonequilibrium F e Time toN(PE RCENT)

features of the toluene-polycarbonate Figure 3. Time to half-qlibrium.
system is presented in Figure 3. Shown is the time t,/ 2 required for the
systcm 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

I tl/, - (j/16).(6/D),1

where 6 is the film thickness. Even though the diffusion rate is actually
strongly concentration dependent and. with glassy polymers, history dependent.
the time t,/, is indicative of relaxation times relevant during sorption
and desorptlon and is therefore used in this paper for a rough interpretation
of data.

The following general observations can be made concerning the data of
: Figure 3:

(1) Desorption and sorption times t,/, at each fixed concentration
generally decrease during the course of the experiments as the
polymer ages and diffusion rates increase.

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

• t 1 /2'- 4 sec/S, (2)
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where S is the concentration measured as fractional saturation
(continuous curve in Figure 3).

(3) Only at concentrations less than 20 percent is sorption quicker than
desorption (possibly related to the curvature shift in the sorption
isotherm of Figure 1).

In short, an interesting variety of qualitative features are present in the
data. and therefore inadequate theory should straightforwardly find itself
selected out.

THEORETICAL

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

theoretical model

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

ac/at - [a/azoa/az]C, (3)

where 0 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, 0 is assumed to approach a purely concentration dependent
function Deq(C). In this paper Deq(C) is modelled as

Deq(C) D, + DC, (4)
where D, and 0, 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 r approaches te i n Perhaps the simplest
assumption is that a single relaxation time Pr is dominant; the rate of
chanige of D is proportional to its distance from Oeq:

aD/at - --'(Oeq - 0). (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 methods

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
others' -methods developed from alternative viewpoints. The result is an
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extension specifically applicable to the solution of the diffusion equation
with non-constant diffusion rate.

Inaccuracy in finite difference solutions of Equation 3 1; dramatically
evident in approximations of the analogous Schrodinger equation (Equation 3
with constant, complex 0). In this case inaccuracy takes the form of the
gradual disappearance of particles---an unacceptable divergence to zero in a
particle conserving system. The way out of this difficulty is to revamp the
approximation scheme so that particles are conserved exactly at the finite
difference level---not only in the limit 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

CRHS - (Ct + Ct+tt)/2( (6)

where 6t 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 conservation can also be carried over from
quantum mechanics for the case in which the diffusion rate 0 is not constant
spatially. The (unpublished) result is again Equation 6 together with the
following approximation for the Jifferential operator on the right hand side
of Equation 3:

2.a/a7(Do/az) - 6 _Dz+6z6+ + 6+z-_&z6-. (7)

where 6* are forward/backward spatial differences over a grid with
resolution 6z. At this point the model and its numerical app.-oximation are
so defined that solution on pr2sent-day personal computers is possible by
exact solution of the tridiagonal linear equations which result using
Equations 6-7.

numerical results

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 define all the model solutions (asidefrom scaling in space or time):

-• 0C/00 (8)

U2Z - CO/T. (9)

where ,o ( - 6 •/0o) is (proportional to) the relaltlon tima

were the diffusion rate constant and equal to D.. Therefore. U,
measures the departure of the diffusion rate from constancy, and U,
pecifies the polymer relaxation time c. In the regime. IL and

it small in comoarison to unity, concentration profiles have a "fickian'
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shape with curvature always 1.o
pnsitive. However, if both
parameters are large relative to
unity, the profiles take on the
shape of a. sharp (aside from a c

hea'!ily damped advance Fickian O .10

component) wave front moving through 2
0

the polymer at constant velocity. U

An example of such a front at a o.o
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 film 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 fronts which are evident
in the SAW data collected.

Future research in this area must broaden the scope of the
polymer/penetrant systems examined and their model descriptions. In 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 film 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

i responses of polymer-coated surface acoustic wave (SAW) vapor sensors, and these
values are in agreement with values determined independently 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

5' sensor employing a thin absorbent film.

INTRODUCTION

I 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 I.)

The solute hydrogen bonding properties, in particular, have been indicated as an

imports-it factor in determining the sensitivity and selectivity of SAW vapor sensors.
Using pattern recognition techniques, the data from a variety of coating materials on

I SAW devices exposed to vapors with a full range of solubility properties were
L •examined. Heiarchical cluster 3nalysis demonstrated that vapors which could accept or

donate hydrogen bonds were distinguished from non-hydrogen bonding vapors. 2

A better understanding of the factors .nfluencing the sorption of gases and
vapors into sensor coating materials would facilitate the development of gas sensors

Sfor 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

jI responsible for vapor sorption.
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Quantification of the equilibrium distribution of vapor between the gas phase and
a sensor coating (stationary phase) can be achieved using a partition coefficient, K,] 1which gives the ratio of the concentration of the vapor in the stationary phase, Cs,
to the concentration of the vapor in the gas phase, Cv (equation [1]).

K - Cs/Cv [I]

31 This concept is illustrated in Figure 1.
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].

Afv - AfsC"K/p [20

In this equation, Afv is the frequency shift caused by vapor absorbed into the coating,
Afs 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), Cv is the concentration of theI)! vapor in the gas phase, K is the partition woefficient, 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 in1 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, using 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

lj references 3-5.

jK --

Gas In Gas Out

I1 ~Stationary Ph ase*
I . . ,P C°.

S AW 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 dscribed
previously. 2 ' 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 Afv. For reliable measurements of K,
this frequency shift must be determined only after 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 timei sseveral months later. Sensor "B" had 221 kHz of fluoropolyol coating, and was testedIi twice. These tests were conducted at 35 ± 20C. These data provide comparisons of
reproducibility from one sensor to another, as well as the reproducibility of a single-
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
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 KSAW, 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 determined. These log KSAW values are reported
in Table I. The standard deviations of these values were typically 0.02 to 0.10 log units.

The average log KSAW values for each vapor are generally consistent over the six
datasets collected. For six of the nine vapors, the difference between the highest and
lowest values is 0.15 log units or less. A variation of ./- 0.075 log units in log KSAW
corresponds to +/- 18% in the SAW Afv values. For comparison, the uncertainty in the
vapor concentrations is up to +/- 15%, depending on the particular concentration
generated. 6 These results demonstrate that fluoropolyol-coated SAW sensors can beIii fabricated and tested reproducibly, and that the responses do sot 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 I 100C for one hour did not influence its
performance. 4  The vapor/coating interactions are therefore consistent and reproducible,
and fit the model of simple, reversible sorption.

For most of the vapors the calculated KSAW 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 KSAW 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 KSAW values decreasing with
increasing concentration. These results are illustrated for DMMP in Figure 3 and suggest
specific, preferential vapor/oligomer interaction at low concentrations. This interaction
is likely to be hydrogen bond formation between hydrogen boed donating (HBD) hydroxyl

l3 groups on the fluoropolyol and hydrogen bond accepting (HBA) oxygen atoms on the

vapor.
The influence of temperature op SAW sensor responses was investigated by

measuring the sorption of DMMP at 20 pg/L at six temperatmes between 35 and 80 0 C.
Sensor response and vapor sorption decrease exponentially with increasing temperature.
Thus, log K decreases linearly, from ca. 6.5 at 35 0 C to ca. 5.0 at 800C.
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TABLE I. Log KSAW Values for Fluoropolyol

Typical
"I Concentration Sensor, Data SetSRange IpIg L 1  A,I A,2 A,3 BI B,2 A,4

DMMP 29 - 137 6.33 6.21 6.22 6.30 6.28 6.28I , N,N-Dimethylacetamide I1 - 81 6.37 6.21 6.08 6.18 6.11 6.13
1-Butanol 1310 - 7820 3.82 3.86 3.85 3.92 3.86 3.94
2-Butanove 16400 - 95400 3.60 3.54 3.53 3.51 3.58 3.64I Water 893 - 5320 3.49 3.31 3.10 3.13 3.43 3.54
Diethyl sulfide 9030 - 53500 3.19 3.11 3.08 3.23 3.14 3.23Toluene 7080 - 42000 3.03 2.96 2.94 3.09 3.03 3.041,2-Dichloroethane 21600- 120000 2.69 2.63 2.57 2.70 2.57 2.61

I Isooctane 15000- 88500 2.31 2.29 2.20 2.41 2.25 2.27

IJI TABLE II. Comparison of Log KSAW ,,_ _ _

and Log K4CLC Values -O.
S-5

VAPOR 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 3.48 , ,,,
see"Water 3.33 2.89

Diethyl sulfide 3.16 2.54
Toluene 3.02 2.64
1,2-Dichloroethane 2.63 1.94 too " "
Isooctane 2.29 1.22

j . . . . . . ... . . • i J

S.l~ll I SIL *NB• Ol~T~

Figure 3. Sorption isotherms.



III I

GLC PARTITION COEFFICIENTS
Partition coefficients for a wide variety of solute vapor were determined by

gas-liquid chromatography using fluoropolyol as the stationary phase. Partition
coefficients as defined in equation [I] are actually identical to the Oswald solubility
coefficients usually denoted as L. We will continue to use the symbol K, end 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 0 C
and 600C using alcohols as standard solutes. Additional solutes were then examined at
25 0 C and/or 600 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. 7

GLC peaks on fluoropolyol were sometimes broad, especially at 250 C. Therefore,
26 KGLC values were determined at both 25 0 C and 600 C and the following correlation
was found to hold.

log KGLC (25 0 C) - 0.728 + 1.470 log KGLC (600C) [3]
n - 26, sd - 0.156, r - 0.986

When retention times were too long to measure at 250 C, equation [31 and the
measured value of KGLC at 600 C were used to estimate the value of KGLC at 250 C.

Log KGLC and log KSAW values for nine solute vapors are compared in Table 2,
with the vapors in order of decreasing log KSAW. All of the GLC values refer to
25 0 C. In one case, diethyl sulfide, the log KGLC values was estimated from various
correlations we have constructed using solvatochromic parameters. Log KGLC values
refer to the vapor concentration at infinite dilution. The lg KSAW values refer to
35 0 C and finite vapor concentrations. Except for DMMP, and N,N-dimethylacetamide,

*1 the values reported are averages of those in Table I. The two exceptions showed
significant increase in K with decreasing concentration, and the valuet in T_31e 2 are
for the lowest concentrations measured.

DISCUSSION
The log KSAW values correlate qualitatively with the log KGLC values in Table

II. 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 0 C, while the GLC measurements were rigorously thermosatted to 2S0C. Finally,
the calculation of KSAW assumes that the vapor causes the sensor to respond based
on mass effects alone; if mechanical effects become significmt for a particular
vapor/coating interaction, then the calculated KSAW will be iaccurate. - One or more
of the above factors may be responsible for differences in the precise values of log
KSAW and log KGLC shown in Table I1.

For example, for DMMP, the log KGLC was I log unit higher than log KSAW-
The DMMP sorption isotherm in Figure 3 shows that log KSAW will increase as DMMP
concentration approaches zero, thus more closely app.oximatiag the log If-C value.
Temperature effects also show that if the KSAW measAe"tM were at 5 C instead of

i 35 0 C, then log KSAW would be closer to the log KGLC vaue

II



I i The: temperature effects 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
response and reproducibility. The form of equation [31 shows that temperature effects
will be laugest for the most strongly sorbed vapors. For example, DMMP sorption with
log KGLC of 7.5 at 25 0 C, is predicted to be 7.0 at 35 0 C, a difference of 0.5 log units.
By comparison, a log K value of 3.0 at 250 C becomes 2.9 at 35 0 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 KSAW and
KGLC values are consistent with the sorption model. Accordingly,- partition
coefficients are a useful concept for interpreting SAW sensor behavior, 8 ,9 and a 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 cannot 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, P~v, of the solute vapor, 8

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

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.10-.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

i•-i to better understand vapor/coating interactions, it will be necessary to alsocharacterize the solubility properties of the stationary phase coatings. In addition, it

would be desirable -o 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].14

log K - constnnt + s7r* + a a + b P + I log L16  [4)

In this equation, the parameters w*, a, 5, and log L 16 characterize the solute
* vapor. w* measures 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 P measure solute
hydrogen bond donor acidity and hydrogen bond acceptor basicity, respectively. L 16 is
the Ostwald solubility coefficient (partition coefficient) of the solute vapor on

* I hexadecane at 250 C, and provides a measure for dispersion interactions. The
coefficients s, a, b, and I 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 b,) 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 sorption of a particular vapor.

ji Full characterization- of fluoropolyol by GLC measurements and equations of the form
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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 sensor 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 HEXAFLUORODIMETHYLCARBINOL3n FUNCTIONALIZED POLYMERS AS SAW HICROSENSOR COATINGS

L. G. Sprague, A. W. Snow1 , R. L. Soulen, 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 hexafluoroacetone reaction with preformedIii 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 controlil 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 theI 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

"Ii the functional group approach with a model reactive polymer-
vapor poly(ethylene maleate)-cylopentadiene system2 , a series
of amidoxime functionalized poly(butadiene-co-acrylonitrile)

"Icoatings 3 and a comparative study of N-vinylimidazole and 4(5)-
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Figure 1. Strurctures of Fluoroalcohol and Control Polymers.
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vinylimidazole homcpolymer coatings4 while the solubility
interaction approach was studies with a series of poly(ethylene
maleate) variant structures5. The current work is directed at
synthesis of fluoroalcohol polymer coatings and evaluation of
hydrogen bonding promoted absorption of phosphonate esters.

The hexafluorod.Lmethylcarbinol functionality was first
£ incorporated into copolymers to utilize the hydrogen bonding
capability for preparation of polymer blends by Pearce 6 .
Barlow extended this concept to microsensor coatings using a
styrene-4-vinylhexafluorocumyl alcohol copolymer on aI piezoelectric crystal for sensing DMMP 7 . To more closely
examine the structure-property relationship of fluoroalcohol
polymers' absorption of DMMP vapor, we have synthesized,
characterized and tested a variety of homo and copolymers
incorporating the hexafluorodimethylcarbinol functioiality as
presented in Figure 1. The hydroxyl groups of two of the
fluoroalcohol polymers have been acylated to lemonstrate the
hydrogen bonding effect of the hydroxyl group.

I]! EXPERIMENTAL

All reagents arid solvents were of reacent grade quality,
purchased commercially and used witlhout further purificationunless otherwise noted. Elemental analysis was performed by
Schwartzkopf Microanalytical Labor~cory. DMMP absorption

_ isotherms were determined by frequency response measurements of
158 MHz SAW devices coated with a 250 KHz fluoroalcohol polymer
film exposed to varying concentrations of DMMP. Measurements

were conducted at Microsensor Systems, Inc. using a VG 7000
automated vapor delivery system with DMMP source bubblerIll maintained at 15 0 C and SAW device at 250 C.

NRL Flucropolvol. FPOL. This material is a fluoroepoxy
prepolymer synthesized from hexafluoroacetone, benzene, propene
and epich-oloroh-drin some years ago at NRL for coating
applications 8 .

Poly(4-vinylhexafluorocumyl alcohol). PSpFA.
4-Bromostyrene (2.0 g, 0.011 mole) was dissolved in 2 ml THF
and added to magnesium (1.0 g, 0.04 g-atom) with stirring.

I Upon initiation of the Grignard reagent, magnesium (5.0 g, 0.21
* I 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 stirredfor 1 hr followed by pouring intc 100 ml 3N HCl to produce ayellow oil. The'oil was separated, combined with two 80 ml

1 ~ CHC1 3 extracts, rotary evaporated, dissolved in 200 ml 10% w/v
NaOH, rotary evaporated, acidified with 200 ml 6N HCl,
separated, dried over Na2 SO 4 and distilaed in vacuo to yield

* 39.9 g (59%) with 99% GC purity. The monomer (5.01 g, 0.019I ;j mole) was polymerized with AlBN initiator (0.131 g, 0.008 mole)
irr 125 ml benzene at 6C0 C to yield 4.08 g C80%) polymer.
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Poly(3-vinvlhexafluorocumvl alcohol). PSmFA. This monomer
was prepared in a similar manner from 3-bromostyrene (5.11 g,
0.023 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 0 C to yield 2.23 g (65%) of filtered polymer.

Poly(2-vinvlhexafluorocumyl alcchol). 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
polymerized with AlBN initiator (0.0032 g, 0.0003 mole) in 3.0
ml benzene at 60 0 C to yield 0.24 g (25%) product.

Poly(2-phenyl-l.l.l..3.3-hexafluoro-2-propyl acrylate)L
FA. The corresponding monomer was prepared by reacting 61.0 g
2-hydroxy-2-phenyl-l,l,l,3,3,3-hexafluoropropane with 27.15 g
acryloyl chloride catalyzed by triethyl amine in 100 ml freon
1i3 at 5 to 15"C under nitrogen. After aqueous acid and base
extraction workup, the monomer was isolated by vacuum
distillation (50-5"'C/0.2rnm) 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 monomer. A
1.15 c quantity of monomer in 8 ml THF was polymerized in the
presence of 0.0024 g AIBN initiator at 60"C. The polymer was

* t isolated by precipitation in 500 ml 60/40 methanol/water and
Svacuum dried.

Polvr[4-_(!.1 1..3.3. 3-hexafluoro-2-hydroxy-2-
ProPY!)Phenylene-l.l. 1.3.3.3-hexafluoro-2-propyl
acry atel.PAFA. The corresponding monomer 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
amine in 120 ml ether at 2 to 4C. The reaction was worked up
by extracting with HCl and NaHC0 3 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 chloroform 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 60"C. The polymer was
isolated by precipitation in water and vacuum dried to yield
0.1558 g.

II Poly (3,4-isoprene) functionalized fluor3a]cohols. PIPFA1
and PIPFA2. The precursor polymer, poly(3,4-isoprene) was
prepared by Ziegler-Nata polymerization by a modified procedure
of Natta1 0 . The catalyst was prepared by inert atmosphere
addition of 0.25 ml titanium tetrapropoxide followed by 0.75 ml
triethyl aluminum to 50 ml toluene. After aging for 15 min, 15
ml freshly distilled isoprene was added, and the polymerization
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conducted at 23"C for 10 hr. The polymer was isolated by
precipitation into 300 ml methanol acidified with 0.5 ml HCI
and vacuum dried to yield 1.32 g. PIPFA1 was prepared by
reacting 0.50 g PIP with 7.73 g hexafluoroacetone in 3 ml
benzene in a small 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 C5 Hs(C 3 F6 0) 0 .80 C,44.22; H,3.98. PIPFA2 was
prepared by reacting 0.25 g PIP with 0.36 g hexafluoroacetone
in 3 ml benzene in a small Fisher-Porter tube at 100"C for 12
hr. The reaction mixture was evaporated to dryness, product
dissolved in methanol, precipitated into water and vacuum dried
to yield 0.39 g. Analysis: found C,53.45; H,5.48; calc. for
C5 H8 (C3 F6 0) 0 . 4 6 C,53.04; H,5.54.

Acylation of FPOL and PS;FA. A 0.65 g quantity of FPOL
1i 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 Na2 SO 4 , filtered, evaporated to dryness and vacuum driedJIi to yield 0.67 g. A 0.32 g quantity of PSpFA was reacted with31 0.47 g acetylchloride catalyzed by 0.60 g triethyl amine in 10
ml THF at 2,0'C for 3 hr. The reaction was worked up ;jy
filtering drying over Na2 SO 4 . 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

3| 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 work 8 .
Although this material does not have trifluoromethyl groups
positioned alpha to the hydroxyl sites (see Figure 1), it
pussesses exceptional phosphonate ester sensitivity and goodcoating mechanical properties. This polymer is referred to asFPOL and has been studied as a SAW vapor sensor coating1 2 .

A recent Workshop on Coatings for Microsensors recommended
that the homopolymer of styrene with a hexafluorodimethyl-carbinol group ini the pare position, PSpFA, be synthesized with
he objective of having adequate quantity of this structurallyjwell-defined coating available for extensive characterization,

testing and cooperative work with other laboratories. For
comparative purposes, synthesis of the meta, PSmFA, and ortho,
PSoFA, subst-ituted 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 9 . PSmFA
and PSoFA were analogously prepared by reaction of theI. 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.

0v~C Mg MON
,C 3 o3 r m

Ii

C 1 C$ 3  
H

3S0" 

C

A polyacrylate fluoroalcohol, PAFA, and polyacrylate
control, PA, were synthesized as comparative analogues with the
polystyrene series. The issue of interest here is the effect1-4 of a basic carbonyl site incorporated into the polymer
structure. PA and PAFA were synthesized by the following

Iii reactions.

)~ TEA 
- '3. B% oo

Cr3 x1 A third approach is directed at incorporation of the
hexafluorodimethylcarbinol group into an isoprene rubber which
complements previous observations that rubbery coatings have
higher absorption capacity for vapors. The poly(3,4-isoprenei fluoroalcohols), PIPFAI and PIPFA2, were synthesized by
reacting poly(3,4-isoprene) w.Lth hexafluoroacetone presuming
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.

i0 0

CF AC°r3
----- k c3
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1! Two polymers were prepared: :'ne with a high ratio of
hexafluoroacetone to isoprene, PIPFAI, 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 paralleled by the intensity of free hydroxyl
IR band at 3600 cm-1 (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 fluoroalcohols is comparable in sensitivity to the
polystyrene and polyacrylate fluoroalcohols but displays an
isotherm crossover (Figure 4).

To further illustrate the effect of the fluoroalcohol
group on DfMP absorption, 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 acylated
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 cm- 1 band is substantially greater for PSpFA than
for FPOL. However, the acylation reaction was nearly

IiJ quantitative 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 caroonyl 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 4l and from two bands at 3430
and 3200 to one at 3110 cm- 1 , respectively.* The most prominent

Ib DMMP band is at 1040 cmrI as indicated by an arrow. When the
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Figure 6. Infrared Spectra of FPOL, Acylated FPOL (FPOL-AC) and
their Respective Absorption of DMMP Vapor.I

acylated analogues are exposed to DMMP vapor, absorption isU' less as indicated by the intensity of the 1040 cm- band whichis consistent with the SAW result above.

I CONCLUSION

The hexafluorodimethylcarbinol group is a potent receptorI; site for D MMP. The polymer matrix to which it is attached does
not strongly affect the DMMP absorption sensitivity as
demonstrated by. the polystyrene, polyacryldte and polyisoprene
fluoroalcohol series. However, the free hydroxyl content
should be naximized for highest sensitivity.
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P Optical Wavegulde Humidity Detector
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The relative humidity of ambient air can have a significant which is in contactuith the reflecting surface of this medium.
impact on many physical and chemical processes of industrial The degree of interaction is related to the angle and wave-
interest (1-5). As a result, research toward the development length of t', incident light and the refractive indexes of theIi' of sensitive and reliable humidity sensors has increased, two medir
Current developments have centered around either electronic If the refractive indexes of the waveguide and the coating
devices (e.g., moisture-sensitive resistors, capacitors, or con- material are near equal, then the lightwave is not reflected
ductive cells), or colorimetric devices. The electronic sensors at the glass/film interface, but travels unimpeded into the
exhibit sensitivity to temperature as well as humidity, whereas film (see Figure 1). The lightwave would then be reflected
calorimetric reagents, such as metal salts of Co02 , Cu 2+, or V", at the film/air interface. If light is absorbed as it passes

S are highly selective for moisture with little or no temperature through the film, then the waveguide can be used for spec-
dependence. These calorimetric reagents are usually sus. troscopic analyse.. The more reflections that occur, the greater
pended in gels or in adsorbent paper. The extent of hydration the degree of interaction of the lightwave with the film. The
is determined by visual inspections, which are highly subjective sensitivity of the device is thus a function of the length and
and nonquantitative. thickness of the waveguide.

The use of calorimetric reagents coated on an optical
waveguide has been demonstrated (6). Such devices have the EXPERIMENTAL SECTION
advantage of higher sensitivity and quantitative precision A. Device Compments. The waveguide humidity detector

I compared to visual methods. The use of an optical fiber sensor consists of an optic"l waveguide coated with a reagent/polymer
for humidity measurements has been described by Russell and film, a light source, a photodetector, and an associated electronics
Fletcher-(7,. They employed a cobalt chloride/gelatin film package.

The light sources aed in this study were light emitting diodeson a silica o,..ical fiber as the humidity probe. These probes (LEDs). They are relatively inexpensive, and commercially
l were attached to an optical system consisting of a visible light available in four spectral ranges (red. orange, yellow, green).

monochromator and a photodetector. While this system was Phototransistore were used as photodetactors. Like the LEDs,
useful in demonstrating the applicability of optical devices they am suitable fea ae in a small device, are relatively ine-
as humidity sensors, it is not practical for field applications, pensive, ma coamdercially available. The spectral response o(I• In this work we describe an optical waveguide humidity the phototransiatmm used in this study drops off dramatically
sensor that also uses a cobalt chloride/polymer film. It utilizes below 600 rnm, somdy th red (660 nm) and orange (635 nm) LEDs
small, inexpensive optical components that enhance the were used as light murces.
practical nature of the device for use in the field, or for other The waveguide comnisted of a thin-walled glass capillary tube
S applications requiring a portable detector. Experimental (-1.0 mm o.d. x 90 mm lonr, 0.2 mm thick wall). One end ofthese capillary tubes was rounded off, which aided in focusing
results oand response characteristico ar presented, and possible the transmitted light ato the phototransistor. Cleam plastic rods
improvements of the devices are discussed. were used to cian atr Optical couplers that were bored to

THEORY accommodate the r iu omponents (see Figure 2). These
The optical waveguide is resated to int~ernal reflection couplers held the apticaJ components in a rigid, reproducible

esoptic wahichhas been describe inteetail b refiectin geometry which elinated the need. to strictly control thespectroecopy1 which has been described in detail by Harrick wavelenrth or angl of incident light, In addition, these coupkrs
(8). It takes advantage of the fact that light will propagate enhanced the transmision of light from the LED to the wave-

i through a medium (Lt., a glass rod or optical fiber) by internal guide, and from the av*eguide to the phototransistor. Cells to
rafle.tinn. The lightwave can interact with a second material hold the weveg"ds sem feshionel out of pl&atie rods that were

00o3-27oo/861o0se.zaa3so1.Soo 0 is"e Anwmesn Chwf0 Sedst
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roOagatiVng Table 1. Film Reagent Concentrations and Reponae

Igt -a"e Charactcri,_6cs

film ICnaCYiff'oI. I.PVP 100% T. respeonse time.
/ label mg/mL (w/w) mV a

cavi wala AB 1 133 2.0 1900 57

Fgigro 1. Diagram Illustrating t* kIteraction of an Inlemally reflected AB 2 161 1.5 1200 51
lightwave wt a thin film coated on the surace of a glass capillary AB 4 168 0.75 850 47
wavegulds. AB 5 67 1.0 825 49AB 230o.8 1210 70A ... B 10 100 1.0 120 2

SAB 12 100 1.0 1720 47
AB 17 200 1.5 3560 170
AB 18 200b 1.5 2450 88
DIP 1 30 1.0 2430 66

DIP 10 31)0 1.0 1710 52
ca" al 'Thick. 6T'hin.

Ftgue 2. Diagram of the components comprising the optical wave- films were then applied using one of two different methods.

guide detector. 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 run, a light blue film of

CoCI 2/PVP was deposited on the surface of the waveguides. The
second method involved using an air brush to spray a light mist

C.C.. of reagent/solvent on the waveguide surface, which was then dried
using a heat gun. The fidms produced by dip coating were thicker,
and contained areas of high CoCi2 concentrations, indicated by

FIPgwe 3. System diagram for Oh optical wavegiud hu kanty detector, spots of darker blue color. Air brush films were generally thinner
and more evenly distributed. Waveguides coated with these films

bored to hold the optical components. These cells have a very were exposed to varying concentrations of water vapor at 22 *C.
small dead volume and were painted black to prevent the in- The introduction of water vapor to the cell, and the acquisition
troduction of stray light, of response data were controlled by the computer system desKibed

The electronics package (Figure 3) consists of a modulated LED below.
power source e- 1 signal processor which amplifies, demodulates C. Analytical System. A gas handling system was designed
and filters the phototransistor voltage. A 3-Hz RC timed, estable and constructed to control the introduction of vapor and/or

" .brator circuit is used to pulse modulate the LED. Mod- diluting air to the sensor. Flow rates of water-saturated air and
ulation of the light source is essential for reducing the effects of dry air were controlled with variable rotameters. Introduction
temperature drift in the phototransistor dark current. Without of clean. dry air or water-saturated air to the sensor was controlled
modulation, small variations in phototransistor temperature would by solenoid valves which had been interfaced to an Apple Ile
produce unacceptable variations in the base line signal. The microcomputer via the 1/0 game-controller. The percent relative
phototransistor signal was amplified by using an ac coupled op- humidity of water-saturated air was assumed to be "-95% when
amp and fed into an absolute value circuit and low pass filter calculating the relative humidity of diluted vapor streams.
which provided a dc voltage level proportional to the intensity Voltage data from the phototransistor were collected by the
of light striking the phototransistor. Small variations in light Apple II via an A/D converter card. Voltage vs. time data were
intensity produced by changes in the waveguide coating char- plotted by using our own data acquisition program.
acteristics produced very easily measured changes in the output Before data were collected, a waveguide was inserted into the
voltage of the electronics system. The system also was equipped holder assembly, the LED was turned off, and the zero adjust-
with offset and gain controls to permit output signal adjustment ments were made. The LED was then turned on, and the null
to 0% and 100% transmittance conditions, adjustment was used to produce an output voltage just greater

B. Reagent Films. The colorimetric reagent selected for than 0 V. The device was then ready for testing.
testing with this device was CoC1r6H 20. The anhydrous salt

oCI2) is blue and exhibits a strong absorption peak between RESULTS AND DISCUSSION
600 and 750 nm. When hydrated, the absorption peak shifts to Response characteristics and film properties are listed in
500 rim. characteristic of the CoCIlr6H2O complex. This behavior Table 1. Individual films are identified as air-brushed films
is completely reversible and is well suited for probing with LEDs (AB) or dipped films (DIP). Examples of typical humidity
that produce 635-660 nm wavelengths of light. reponse curves are given in Figure 4. In general, the response

Since the anhydrous cobalt chloride is a crystalline salt that follows an S-shaped curve, with percent transmission in-
does not readily adhere to the surface of the waveguide, it was
suspended and immobilized in a poly(vinylpyrrolidone) (PVP) creasing rapidly in the range of 60-85% relative humidity
film. The PVP film has a refractive index of 1.53 (9), which is (RH). and then gradually leveling off as 100% RH is ap-
slightly greater than that of the soda lime glass waveguide (no proached. This behavior holds true for all CoCI2/PVP films.

=1.49). Under these conditions. light would travel unimpeded Films of PVP alone exhibited no significant response to

through the glass/film interface and be reflected at the film/air water vapor. It appears that the polymer film serves two
interface. In addition, PVP is optically transparent in the purposes; first, it acts as a binder to ensure long life and good
wavelength region used for this study. contact between the reagent frm and the waveguide surfaces,

We were interested in determining the effect of various film and second, it acts as a protective, semipermeable membrane
parameters on the devicesresponse. For this reason, solutions were to regulate the introduction of water vapor to reagent. Films
prepared in acetone /H2 0 that contained varying concentrations
of CoC (,.H2 O (from 30 mg/nL to 230 mg/mL). Known weights containing Cosrc alone exhibited poor adherence to the
of poly(vinylpyrroidone) (PVP) were then added to these solutions waveguide surface. Signal losses were noted, which may be
to produce solutions containing 0.75-3.0% (w/w) of PVP. In the result of light scattering off CoCI crystals.
addition, solutions of just Coalr6H2O and just PVP were prepared To determine the effect of film variables on response, re-
to examine the effect of each component on the overall response. sponse times were determined for each film and are sum-

Prior to coating with reagent/polymer films, the weveguides marized in Table 1. These response times represent the time
were etched for 5 min in a buffered, dilute HF solution. Reagent required for the device response to level off at a maximum
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a 1.For the three films represented in, Figure 4a. no appreciable
difference in response times is observed, evcn though the

4"q maximum signals differ by 30%. For the films represented
100-i., l'igorv 4h, lwwcver, (.heru im wi ubv"u iswcras in rcwpusisu

time with film thickness. The data also indicate some de-
E pendence of response time on CoCI2 concentration for some

3. films but this effect in nnt an ittrangly indieated as the effect
Sismo of film thickness.

Ii readily explained, in that it takes longer for a thick film to
M become saturated and reach equilibrium with water vapor than

5W0 for a thin film. For films with high concentrations of cobalt
chloride, it is possible that microcrystals of the metal salt have
formed within the film. Such microcrystuls may be responsible
for the increased response times observed for some films

I containing high concentrations of CoC12.
20 40 s0 80

REL TIVE l1 HU %)T CONCLUSIONS
____________________The waveguids humidity sensor presented here exhibits very

b 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

canbe se toobtinrelabl hmidtymeasurements.
2. Bfor thedevce cn b utlize asa thow-waydevice,Ej 200 better agreement boetwee individttal waveguides is necessary.

N 20M This involves applying uniform, reproducible films on indi-

vidual capillary wsveguidas. The device could then be de-n) veloped as is for ame in specific cases where the desired hu-
midity levels are within the range of good response.

Further developmnent, of the reagent/polymer film may
extend the region of reliable response of the present device.
Such film development could include the use of polymer-

_____________________________copolymer films of different hygroscopicity (e.g., poly(vinyl
20 40 60 80 alcohol) (PVA) or poly(styrenesulfonic acid) (PSSA). or

RELAIVE JMOIY Wcombinations of different metal &altoi as reagents.
RELATIE ~ ~In addition, some form of temperature monitoring or controlI. Figure 4. Ithese S-sl"ped curves are typical of Mie wavoguide device would be desirable to faocilitate conversions from parts per

response (AmV) vs. percent relative huffidity (% RH). (a) FrIms pro. -million (H20) to percent relative huknidity and vice versa.
Waed from solutions of 100 mg/nt. CoOý and 1.0% PVP. Curwves are
for ftw following films: (1) DIP 10; (2) AS 12; (3) AS 10. (b) Films ACKNOWLEDGMENT
prepared from solutions of 200 mngnt. C4CI, and 1.5% PVP Cuve Work wss performed in the Chemistry Division, Code 6170.
are for ti* following films- (1) AS M.: (2) AS '16. Naval Research Laboratory, Washington, DC 20375-5000.

value upon exposure to an air stream of 95% RH. Thea two Registry No. WCI, 7,346-79-9.
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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 ii. 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, z-nc, 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 film morphology, while the magnitude of the conductivity increase is nearly independent of the
morphology.

j Introduction applications.2 The combination of L-B supramolecular
Thin films of phthalocyanine compounds, in general, and films with small dimensionally comparable microelectronic

those prepared by the Langmuir-Blodgett (L-B) method, substrates affords new opportunities for generation ofI in particular, display iovel electrical properties.' The L-B fundamental chemical property information and evaluation
technique for depositing mono- and multilayer coatings of new organic thin film semiconductors as microelectronic
with well-controlled thickness and morphology offers ex- components. In this work an interdigital microelectrode
cellent compatibility with microelectronic technology, array and sulface acoustic wave (SAW) device are used in
Such films have recently bee" reviewed for their potential combination to obtain electrical conductivity and piezoe-

lectric mass measurements on the iodine doping of met-
.l-substituted and metal-free phthalocyanine-stearyl al-

(1) Baker. S. Proceeding. of International Syumposium on ruture
Elcttron Devmo:e Bielectmanic and Molecular EMlectronic Devices. Toky..

Now, 985;pp 5-6a.(2) Roberts. 0. C. Sena. Actuate,. 1983.4.131.

0743-7463/86/2402-0513t)1.50/0O 01986 Amnercan Chemical Society.
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cohol mixed mono- and rnultilayer L-B f-ilms. The a 6.Ocm diamet~er. 7.5 cmdeepw-ell near o. eend was interfac dJ~phthalocyanine- iodine doping comhinition -cprescnL- n tp an Apple ll[-E micror'wnputer which rvac surface tension frorn
model system for studying the el#ectrical response of a Gould UC-2 strain gauge carrying a 1.7 cm wide platinum foil

thin-film orgnnhc scmnicon d iictaims to vopor-tsince this Wi'helmy plate. Motors f14 controlling the bar to put pressure
bvstm ha bee intnsivly sudie by singbulkpoly onI uhe im atimudfu dippig the device being coated were controlled
bystm hs ben itenivey stdie byusin buk pl'- by the microco~nputer. Auimpliied illustration of this apparatus

~ Icrystalline and single-crystal samples.' ThE phthalo- using a troug h of slighdydilfernt dimnensions is described in ref
cyanine-iodine complex formation is accompanied by a 5, and more detail on the present configuration trough is reported
large increase in electrical conductivity. The issues of in ref 8. Water, tuiply distilled with the last two distillations from
interest in the current experimental work involving ex- ani all-quartz still, was nad an the subphaae Film-transfer op-
posuri of a L-B film composed of a peripherally substi- erations began with the esobtrata subme-ged. The device beingiItuted phthalocyanine compound to iodine vapor are (1) coated was allowed to dry in air for 5 min aftes each down-up
magnitude of the conductivity change, (2) phthl~ocyanine cycle. The dipping wheloity was 4.2 X 10r' m/s.
ring/iodine stoichiometry, (3) capability of making both Th device used to perform the measurements reported in this
the conductivity and mass measurements simult~aneoualy study is a dlus.: 52-Mhzandace acoutic wave device (Microsensor
ontesmUim ()dpnlneo measured responses Systems, Inc.). This device conists of a piezoelectric quartz (ST,

-~on the sampexd fim c4 eentrlmtlin,()dpnence of cut) slab measuring 1.5 X 2.5 cm on which four interdigital nai-
on th compex.~ cental mtal in, (5 depndenc of have bee.i fabricated by using optical lithographyU measured responses on L-B film thickness (number of (w Fiur 3). The electedesw -- fabricated from gold deposited

monolayers) and comparison with the planar interdigit~al on athuin lyer of timmito proieadhesion to thequartz. Each
electrode thickness. and (6) effect of morphological vari- electrode consists o(50 6 pairs with the following dimensions:
ation by comparison of the U-B film with a fused L-B film spacing. 15 om: finger width, 15 jim; overlap length 4800 jum;U anid a 'sprayed on' film, center-to-center spaciing of transmitter-receiver electode pair.

Previous work has shown that the t~etrakis(cumylphen. 1 cm; electrode thicknes 760 A (measured by Nomarski phase
oxy)-substituted phthalocyanine compounds used in this contrast microscopy). After removing the residual photoresist
work (see Figure 1) exist as oligomeric cofacially oriented by washing with acetom. the device was dipped in a chromic acid

aggrgate insoluionand orm -B ilmswit theag. cleaning solution for 2 minend rinsed with distilled water, acetone,III ggrgats i soltio an fom UB fims iththeag- and chloroform.L Immeuiately before transfer of the films, the
gregate size and force-area curves that depended on the devices were cleaned by Soxhlet extraction with chloroform.
phthalocianine-complexed metal ion.' As mixed mono- After it was coated with a multilayer film, the device was
layers with stearyl alcohol, multilayer L-B films of these mounted in a machined Delrin housing in which provision had

Scompounds have been transferred to interdigital microe- been made for metal vama-r clip connection to the electrodes
lectrodes and investigated as a chemiresistor system for as well as for pasage di regulated quantities of iodine vapor
parts per million level detection of trace concentrations through entrance and eshmut ports directly above the device (see
Of amnmonia.6 The morphology of these films has been Figure 4). The SAW fespueocy measuirement, was performed by

* studied by using resonance Raman,' copper ESR anisot- connecting a pair of isatrdigital transducers on one side of the
iniropy,7 and force-area solvent depedece$ characterization device to a wide-bend if mplifier. The resulting circuit oscillated

Atohrlbrtois - im of e p htnen cynneo. at a resonant frequenc determined by the interdigital electrode
At oherlaboatoies L-Bfils ofphtaloymnie crn- spacing and the Rayleob wave velocity. The resonant frequency

pounds with different peripheral substituents have been was monitored by using adigital frequency counter (Fluke Model
reported with interest directed at both film morphology' 1910OA). See ref I1I for additionial SAW frequency measurementI and device applications. 2 10  detail. The conductivity measuirement was made by application

of a I-V bias to either of the two remaining electrodes and
Experimental Section measurement of the content using a precision current to voltekge3IMetal-free, copper, zinc, platinum. palladium, cobalt, and nickel converter consisting of an operational amplifier (Analog Devices

tetrskis(cumylphenoxy)phthalocyanines were synthesized and #515) and a switch soelclabl feedback resistor.
purified as described previously.' Steazyl alcohol, (1-octsedecanol, The mechanism of doe SAW frequency measurement and its
99.5%., LaChat) and chloroform (reagent grade. Fisher) were use porportionallity to minenso the substrate surface have been dis-I sreceived. Monolayer spreading solutions with a 1: 1 molar ratio cussed elsewhereY &"ay described, a radio-frequency (ri)

Iof phthalocyanine/stearyl alcohol were prepared at a cncentration voltage is applied to the transmitter electrode of the transmit-
4 X 10-4 M in chloroform, ter-receiver intardigiti eectrode pair to generate a mechanical

Film pressure vs. area isotherm measurements and film de- Rayleigh surface wave n doe piezoelectric quartz substrate. ThisZpositions on electrodes were camr -d out in a constant temperature !wave propagates scrosls so urfac to the receiver electrode arid
(25 10 room using a comnputer-controlled thermostated LArigmuir is converted back into mafmdoltage. Connection of this electrode
trough designed and constructed in our laboratory. The 14 cm pair through a if agoplifermakes the device oscilla te at a resonant
wide X 82.5 cm long X 3 mm deeop paraffin-coated trough with frequency determined by the interdligitAl electrode spacing and

the Rayleigh wae" velocity. Coating th3 device with a thin film
* _____________________________________ causes a substantial I tio of the Rayleigh wave velocity and

U (3) Marks. T. J.: Kalina, D. W. to Extended Lintesr Chain Com.- a corresponding decreae in the resonant frequency of the device.
- Pouns:r MiDer. J. S,. Ed.; Pleaus.. Proma. New York. 1982; VoL. 1. pp Vapor absorption further alters the mass end mechanical prop.

197-331. ertiea of the coating thned producing easily measured frequencyII (4) Snow. A. W.; Jarvis. N. L J. Am. Chem. Soc. 199U. 106, 4706. shifts. For most or fillms, the modulus is small, and the
(5) Wohltjen H.. Barger, W. RL; Snow. A. W.: Jsnvia, N. L IEEE mehnclpoet biuonotefrunysitisn-

TI'ans. Eletron Devices 1985, ED-32, 1170.mehnclpoetcotiuonotefrqnysitiseg
(6) DiLella. D. P.; Barger, W. IL: Snow, A. W.: Smardzewski, R. R. ligible, leaving the freP1 - shift proportional to the mas change.

Second Intermtional Conference an Lan gmuir-Blodgerr Films; Scha.. This measurement asoatthe conductivity of the film is too low
nectscdy. NY. 1985; Thin Solid Film. ISOS, M*13307, to electrically short thadetadles or ocuple with the electric field

(7) Pace. M. D.; Snow, A. W.; Barger, W. Rt. 27th Rocky Mountain of the propagating Rayluighs wave.
Conference. &th. lnt. EPR Symposium. Denver. July, 1985.

(8) Barger. W. R.; Snow, A. W:, Wohltjen, H.: Jarvus. N. L Second The condluctivity moneareent, has been described more ox-
'Mtenisiionall Con frenes- on Leeginui-Slodgett Films. Sch~vevectdy, tensively ehewhem,' The impoctoan features we an ohmic contact
My, 1985. Thm Solid Films 19". 133. 191.. with the film andim Iled spacing and a geotmetry to facilitateU (9) (a) Kaovam, G. J.; Vsncett. P. S.: Sharp, J. H4. Can. J. Phys. 198s, measurement at very lew ceadreteceasa. The gold electrode

163.346. (b) Fryer, J. R_ Hann. It. A, Ey9s. B. L Noturei(Londo.,) 19"5. material satisfis the ohmiccoacte requirement. Current-'rotage
313.33Z, (c) Baksr, S.: Patty. M. C.. Roberws Q.. . Twigg. M. V. Thoin ltfothphalieL-flmofhssudwreina
Solid Film.s l9S3.-3o 53.Pltf-tePtalcan -fimofhssudwreier

(10) (a) Baker. S.; Roberta. G. G.. Patty. M. C. Pýnc. IEEE 1983. 13, over a *11-V range sandm to that reported previously, for a
-' 260. (b) Detay. G.; Petty, U. C. Roberta G. G.: Wight. D. IL Eleectro. copper (cumylphen110M phthsjeyame/stearyl alcohol 45-layer* iLoltt 15542o. 48. film.* The seraitivitY di th conductivity moeasurement. is on-
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Figure 1. Molecular structure of tetrakis(cumyulphenoxy)- AREA (A2 /Molecule) :

phthalocyanine compounds. The cumyulphenoxy substitution
is at either the 2- or 3-position of each Lingo ring in the Figure 2. Force-area diagram of a 1:1 copper tetrakiscumyl-[] ) phthalocyanine compound. phenoxy)chthalocyanine/stearyl alcohol mixed monolayer.

hanced by the interdigital electrode's large perimeter and small
lectrode spacing. To normalize the measured conductance to
bulk conductivity, the conductance is divided by the ratio of

the cross-sectional area (determined by the number of electrode
fnesthe overlap length and either the electrode thickr ess

or the l--B film thickness whichever is smaller) to the electrode
separation distance.

A simple iodine-generating apparatus was constructed from
a I-L flask (in which iodine crlrstals saturated the atmosphere). ..
nitrogen source, flow meter, and regulating needle valve (see FigureI4). 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 (X.. = 516 rnm, logi = 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 fust 100 a to establish conductivity
and SAW frequency measurement base lines. This was followed Figure 3. Dual 52-MHz SAW device used for simultaneous mass
by diversion of the nitrogen flow through the iodine reservoir for and conductivity measurements on L-B films.
2400 s to obtain exposure data followed by a second bypassing
of the iodine reservoir to obtain desorption data. Conductivity Subsequent work has shown that add tion of stearyl al-
and SAW frequency measurements were simultaneously recorded cohol improves the transfer characteristics without ad-
at either 50- or 100-a intervals depending on the rate of change. versely affecting the electrical properties."
The iodine desorpton was allowed to continue overnight. The In this work films were prepared as 1/1 molar mixturesI SAW frequeacy change attributable to the L-B film was then of phthalocyanine/stearyl alcohol and transferred a. film
measured by removing the top of the device housing, recording pressures of 20 mN/m to quartz (with gold interdigital
the frequency, and, then, very carefully removing the L-B film electrodes deposited for conductivity and SAW neasure-
from the active area of the SAW device (area including and ments) and aluminum substrates (for differential scanning
between transmitter and recwiver electrode pair) with a chloroform
wetted cotton-tipped swab until a constant value was obtained. calorimetry (DSC) measurements) with good deposition

The differential scanning calor;metry thermograms were ob- ratios (e.g., between 0.8 and 1). The force-area diagramU . tained using a Perkin-Elmer 7 .Series thermal analysis system. of a copper phthalocyanit,e-stearyl alcohol mixed mono-
Samples were prepared by transferring a metal-free phthalo- layer is presented in Figure 2 as a typical example. The
cyanine/stearyl alcohol film (183 layers) onto six covers of &lu- analysis of the force-area diagrams has been presented
mirus DSC sample pans (6.5-mm diameter) which corresponds elsewhere.$ In contrast to a facile transfer of the mixed
to e total transferred mass of about 0.2 mg. The six coated covers phthalocyanine-stearyl alcohol films, attempts to transfer
were stacked in a sample pan and run against an uncoated blank pure stearyl alcohol films for control experiments were
over a temperature range 25-100 'C in a nitrogen atmosphere frustrated by poor deposition ratios (e.g., 0.3). Varying the
at a heating rate of 10 *C/min. film-transfer pressure or making the subphase strongly

A "sprayed on" metal-free phthalocyanine-etearyl alcohol filmJ was applied toe 52-MHz, dual SAW device using a Badger air alkaline (pH of 11) did not improve this deposition ratio.
brush (Model 200) and an phthalocyanine--stearyl alcohol (1:1 Consequently, the quality of the transferred pure stearylmol ratio) solution in chloroform. The device was positioned about alcohol films is not equivalent to that of the mixed films.

8 in. from the air brush nozzle, and the film was sprayed on using This difference in behavior is not understood at this time.[ I the finest spray setting with 1-s paswe until a film of comparable Dual Conductivity and SAW Frequency Measure-
appearance to the 45-layer L-B film was zobtained. ments. Simultaneous measurements of phthalocyanine

l aL-B film conductivity and mass changes during iodine
Results and Discussion dcping were made using a dual 52-MHz SAW device. This

Y'reparation and Transfer of Phthalocynnine L-B device consists of two pairs of interdigital microelectrodes
Films. Synthesis and purification of the phthalocyanine deposited on a piezoelectric quartz surface (see Figure 3).
compounds (see Figure 1 for structures) and their mono- One pair of the electrodes is used for the SAW frequency
layer formation have been reported elsewhere.' As pure (L-B film mass) measurement, and either of the remaining
one-component monolayers., fdms of these compounds do two is used for the conductivity measurements. Use of aIi! not transfer with good uniformity or deposition ratios. SAW device to measure coating mass and changes in
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IFigure 4. Schematic representation of apparatus used for the
iodine-doping experiment.

5iIcoating ma.4a has been lijcuased in detail elsewhere" and Figura S. Measuremsent ofnrrn and SAW frequency change,
is briefly summiarized in the Experimental Section. Tlie as a function of tims caused by iodine doping of a 45-multilayercooper phthalocyaaune--stetryl alcohol L-13 film supported on aimportant f tature is the proportionality between the SAW duimi 52-MHz SAW device.
frequency shi't and coating mass In this worY. this re-I Ilationahip is demonstrated by the linerx depeodence of the valves transfer of an electron from the phthalocyanine ringI SAW frequency shift on the number of monol.,yers in the and formation of the triiodide anion (eq 1). The ab-
L-B coating filn (see Figure 7). The microelectrode

codciiymeasurement has been described more ex- 2Pk +- 312 =2Pc*13 (
tnieyelsewhere$ but is also briefly summarized in the srto scm~ctdi ra h hretafrratoExperimenta e cinItimotn e aenohc is not quantitative.3 and additional iodine may be absorbedcontact with the film and an electrode spacing and geom- as-ocuridnerinfmtonfth naoie~1 etry to f.'.ilit~ate measurement of very low cconduci.ances ano (e ioieo2)fomto.fth etiddat low ' V) bias voltzges.ano(e2)

~' Combination of the conductivity and SAW frequency 12 + 1,- 1-'- (2)
emmeasurements into a single device for simultaneous inea-
Lisuremnents on the same coating is a new sensing technique. The experimental measurements of interest from the
i IFurther. SAW frequen'-.r measurements on L1-B films have data are A&. the SAW frequency shift attributable to the

n'nt been previously reported. The phthalocyanine L-B L-B Film, t& the LitiaI current passing through the flimI film-iodine vapor doping system is a particularly good in a nitrogen atmosphere, I.,,. the maximum currentIsystem tar testing the measurement technique i i that the passing through the film after iodine doping, arnd Af,, the
chi~ristry of ciosely related phthaloc yanine-iodine bulk frequency shift ciused by absorbed iodine where the
systems is b'-ing intensively investigated,3 and the mag- current value approaches that of I,.,.2 nitude of signals, i.e., a large conductivity change due to Since the current and frequency measurements are b-eing
iodine doping (as extrapolated from bulk ohthalo- -nade simultaneously on the same film, the current change
cyanine-iodine systems3) and a large SAW fr--quency shift r, - be related directly to the iodine content. The bulk
due !a the high molecular weight of iodine, should be easily conductivity of the fili, a, may be calculated from theI measured. microulectrode's geometry and dimensions and the bias

The io " ne-doping experiment was conducted using ti.e voltage:
Iapparatus. +hematically represanted in Figure 4. A sat- JA I d.';ared atmosphere of iodine in nitrogen could be switched Vu- 'i V/ (2 d* on and off for delivery to a small dead-volume chamber E Vd V(n-1Ijwhich housed the Lv-B film coated device and the electrical where J is the current density, E is the electric field, I iscontacts. Absorption -id desorpt.on of iodine with con_ the measured current, V is the bias voltage, A is thec.quent conductivity and masse changes of the film were cross-sectional area between cle-itrodes, and d is the* monitored ovm- a 45M0s period by.-neasuring current and electrode spacing. If the L-B flim is thicL enough to rillSAW frequercy shifts. A tjpical examnile of these data the channel betwsea the electrode -ringers*, then A mayare presonted in Figure 5 for a 45-layer copper phthalo- b acltda h rdc ftenme fcan'

cyanine filma. The iodine reservoir was bypassed during betwlclaeena the elcrodec ofngr,2 1(ni the number o hn*
IIthe initial 100 a to establish a hase line. :-nd then the iodine of electrode -ringer pairs), the overlap length of thejj I flow was switched on for 2400 s. During this time all of electrode 'fingers", 1 and the electrode thickness or height,the films tested -esched a saturated or maximum con- h. It is also possible to calculate a ratio of moles of ab-ductivity level. Over the 2500-- 1500-s inti-rval the iodine sorbed iodine to moles of phthalocyanine ring. X in

reservoir was again bypaC.sed. and the iodine desorption 'MPcCP)l,, by uinng the proportionality between SAWwa oitoreadil.Faetta h oievprasrto frequency shift and film mass and the relative concen-
continues after the conductivity has reached its saturation comatnenoftheps: oynn n serlachlflIi maximum. The charge-transferjnterrction of iodine in. opuet

0(1) (a) Wo'hlrje.n H. 'Mchanisr of Operation aow Design Consid- WPe(Afg/MPc)
W eatiosi for Surface Atmotaic Wav& Device Vapor Sensors": NRL Mem.I dlandum Report 5314; Novel Research Laboratorr. Washington. DC. where af1 is the SAW frequency shift attributable to ab-1901; ADA 141537. Mh Wolitijen, H. Soma. Actuators 084.5.,307. sorbed iodine. Af. i the SAW frequency shift attributable
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- - -- TaIb !. (MPcCPci,/C(,,Ol 1.-n Film Conductivity and

Pc/I Stoichiometry
...... Pc compd X a. S/cm 1. A .f. kHz Sf,. kHz

1 / H11,'CI 2 X IV0 6 X 10* -69 *3

" (HPcCP)1, 2.2 6 X I0 2 X I0" -11.8 *0.2
CuPcCP 6X0IT 2X10' -I9VI
(CuPcCI')i, 2.2 6 X IV" 2 X IV0 -11.3 * 0.7
ZnPcCP 2 x 10`' & x I" -79

* (ZnPcCP)I, 2.0 3 X 1V I X 104 -12.1
PtPcCP 2X10-" 6X10`2 -75*2? ... -, (PtPcCP)l, 2.5 3 X IV I X I04 -13.1 * 0.3
PdPcCP 3 X IV0* I X 10 -50

(PdPcCP)T, 3.9 1 X 10-4 5 X IV0 -14.4
CoPcCP 8 X IVO 3 X IV* -77

* .9A9 .9 .. .• (CoPcCP)I. 2.6 1 X 104 4 X 10"- -15.1
"" . • ' NiPcCP 8X1O" 3X10" -68 3

(NiPcCP)1, 2.8 3 X 1V I X 10"' -14.4 * 0.3
;,9 ' *' , ** , . ,* HPcCP 8 x 10T 3 x 10"* -45

(sprayed)
(HPcCP)l, >9.4 8 X 1T4 Z x 10 >-33

Figure 6. Dependence of conductivity on quantity of absorbed (sprayed)iodine for a 45-layer L-B rum of mixed copper phthalocyanine-to
.tearilalcohol (1:1imole ratio). o

to the L-B film, WV, is the weight fraction of the so
phthalocyanine component, Mf is the atomic weight of
iodine, and Mp, is the molecular weight of the phthalo- ..
cyanine component in the film. As presented in Figure K 40

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- 20

S chiometric iodine content may be plotted as is traditionally
Sfoundforephthiocyanineoptentgy bexplterimens. typdiionally,* found for phthalocyanine-doping experiments Typically, f2rthe conductivity increases by 4 orders in magnitude from

ine/phthalocyanine is approached. While this conductivity 8,x

change is significant, it is not nearly as large as the 10 Kt4

orders of magnitude reported for pressed-pellet samples
of pure unsubstituted phthalocyanine compounds with
comparable iodine doping. Considering the relatively large o .

size of the curnylphenoxy substituent groups, the mixed.
isomer nature of the tetrakis(cumylphenoxy)phthalo- o -
cyanine compounds, and the inclusion of stearyl alcohol Amp -.

in the L-B film, such a comparison is not very meaningful "12
although methyl substitution at the phthalocyanine ring -.
periphery is reported to reduce the pressed-pellet con- f 1.-
ductivity by 2-3 orders of magnitude for comparable iod- Amp -e
ine-doped samples.

3

Complexed Metal Ion Dependence. The effect of the
metal ion is of particular interest. Previous work has o to 20 30 4 0 'o50 Go 70
shown that the metal ion has a distinctive influence on thedegree of phthalocyanine aggregation in solution as well .. rob.t

as the force-srea curves when monolayers are formed.' For Figure 7. Dependence of SAW frequency shift of the undoped
sensing applications, weakly interacting vapors (e.g., am- L-B film (Afo), SAW frequency shift caused by absorbed iodinemoni, slfurdioide watr, tc. exhbita vriet ofrt- where conductivity approaches a maximum (411), current passing

o2 sthrough the undoped film in a nitrogen atmosphere (Jo), and
sponses depending on the metal ion.' maxim current passing through the film after iodine doping (I,/..)

The results of iodine-doping experiments using 45-layer on number of layer. in the L-B multilayer film of metal-free
] L-B films of metal-free, copper, zinc, platinum, palladium, phthalocyanine-stearyl alcohol (1:1 tool ratio).

cobalt, and nickel phthalocyanine-stearyl alcohol are
tabulated in Table I. All of the films display approxi- single-crystal measurements on the parent compounds.'3

mately a 4 order of magnitude conductivity increase after For iodine vapor, the charge-transfer interaction is strong,[ iodine doping with very little dependence on metal ion involving the phthalocyanine ring with the metal ion
substitution although they have been listed in the order having only a weak effect.
of d-creasing iodine-doped conductivity. Regarding the Film Thickness Dependence. The relationship be-
contrast between metal-free and nickel phthalocyanine tween L-B film thickness and microelectrode thickness is
films, a similar difference has -been noted for the case of an important issue when either chemical properties of the

_ /'film are being measured or the film is being evaluated as
__a microelectric component. To investigate this relationship

(12) Ba•ger. W.; Wohhjee, H.; Snow, A. W. "Chemirasistoe Trans- for an iodine-doping experiment as well as to examine the
ducars Coated with Phtmlocynine Derivativs by the Lanimuir-Blod.
vett Technique; Tra1adurs•, '5; IEEE. Now york; 198,s IEEE No,
8SCH2127.9. pp 414-417. (13) Marks. T. J. Sciemnre (Wasungtom._D.C.) 198, 227. 881..
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tsenitivity of the conductivity Fnd ' A% frequency men- vi-..,l
surements for very thin film- ubstr tes were coated %ith ° 'R ',

films ranging from I to 65 layers, and values for 6/N A&.
1. and I,,., were meaosurcd. These data are plotted as n
function of number of layers in Figure 7. The dependence
of .O and A/! 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 boLi 10 and ,, .... L..o.. o ,,,-
1l ._ level off with increasing film thickness at about 20 J Posse L.,-gwl.-,O,.,,., film

layers. If this thickness is considered to be the stage where .. r -- s..e' o. ,Fi..

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 ).V These experments also indicate
that the conductivity measurement is more sensitive than (KKR$)

the SAW frequency measurement. For one- or three-layer
films, the conductivity changes by 2.5-3 orders in meg-
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 I

Iiorder in magnitude (e~g.. from log IQ - -12.4 to log I,,,,
-11.2) and frequency shifts of about 100-200 Hz. These Figure L Comparison ola 45-layer L-B film with a fused 45-layer
control experiments were repeated several times, and the L-B film and a 'sprayed on" film of metal-free phthalo-

cyanine-stearyl alcohol (1:1 =*I ratio) in an iodine-doping ex-largest responses to iodine vapor are reported here. Ex- periment.

perimental difficulties with the control experiments are

'poor transfer characteristics with the pure stearyl alcohol
monolayers as mentioned earlier, extremely low levels of This could facilitate absorption of iodine in excess of that
conductivity to be measured, the SAW device's sensitivity engaged in the charge-transfer interaction with phthalo-
to pressure on the mounting clips and temperature vari- cyanine (eq 1), possibly as molecular iodine or as in the
ation, and trace iodine contamination in the apparatus formation of the pentaiodide ion (eq 2).
between runs. Closer electrode spacing and higher fre- In the second case, a fused L-B film was prepared by
quency devices may enhance sensitivity in future work. heat treating a 45-layer L-B film for 10 min at 100 OC

Mouphnc gy d Vc a ationce sensaditivity beiwhich causes melting of the stearyl alcohol component.
teorphology Variations. In addition to being a go The iodine exposure data for the fused film compared with

technique for reproducibly coating thin films onto elec- the normal L-B film are presented in Figure 8. In this
tronil devices, the L-B procedure may confer a unique case. both the conductivity response to a small extent and,
morphology (multilayered structure with vertical regularity more significantly, he SAW frequency shift are less than
and specific tn-plane orientation and packing of constituent ad or the "as-prepared" L-B film. A probable explanation
molecules) to the coatings by nature mf hydrophobic and is that the coating morphology is changed. Fusion of the
hydrophilic interactions between the molecules within the coating followed by ambient cooling may result in loss of
film and the surface of t.he water or the substrate during vertical regularity of the layered structure and consequent
application of the film. Resonance Raman and ESR phase separation to a stearyl alcohol overcoating on a
studies hav* produced evidence of phthalocyanine an- phthalocyanine precipitate. In a small test tube experi-
isotropy in these films.' 7 To determine whether the con- ment, fusion and cooling of the two components results
ductivity and iodine vapor absorption are strongly influ- in visually observable precipitation of the phthalocyanine
enced by the. L-B film multilayer morphology, films of to the bottom of the tube from an initially uniform melt.
similar thickness but different morphologies were depos- A stearyl alcohol overcoating would have little affinity to
ited on the dual 52-MHz SAW substrate, absorb iodine as indicated by the stearyl alcohol coating

In one case, a Mim was deposited by a spraying technique control experiment aid could retard iodine diffusion to
which involved air brushing a fine mist of the phthalo, the active phthalocyanine phase.
cyanine-stearyl alcohol-chloroform solution until the film A special differential scanning calorimetry (DSC) ex-

i, color intensity appearance was comparable to that of the periment was performed to obtain information about the
45-layer l-B fil. The Afe value for the "sprayed on' film fusion-induced L-B film morphology change. A sample
was -45 KHz which is slightly less than the -69 KHz of was prepared by L-B transfer of 183 layers onto six alu-
the 45-layer LB film. The iodine exposure data for the minum disk substrates which were stacked into a single
sprayed on' film and L-B film are presented in Figure DSC sample pan and had a calculated total transferred

8. The conductivity response of these two films is not film mass of 0.2 mg. The DSC thermogram for the freshly
significantly different, but the SAW frequency data are prepared phthalocyanine-stearyl alcohol film. one recycle.
markedly different. The -sprayed on' film absorbs 4 times and a pure stesryl alcohol control film -re presented in
as much iodine over a 1900-s elposure time, and it would Figure 9. The phthalocyanine mixed L-B film displayed
be even larger for a longer extlosure time. An explanation several overlapping tranitiors on the first scan with two

I for the highel capacity of the 'sprayed on' film to absorb broad peaks at 57.9 and 56.3 *C. The recycle scan dis-
iodine would be that it has a much looser packing and played a narrower more intense peak at 57.7 OC. The
"higher porosity hence a larger surface are. and vo~d volune stearyl alcohol control film displayed a thernogram similar
to asormmadate mare iodine absorption than the L-B film. in shape to that of the recycle but with a transition peak
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S urnmary

L-B films of tetrakis(cumylphenoxy)phthalocyanine-
stenryl alcohol mixed monolayers strongly interact with
iodine vapor, and it is possible to simultaneously measure1 the conductivity and gravimetric 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-I.! 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-

• 0 .a , . .. is is .. . ., ., ,. crease is nearly independent of the morphology.

Figure 9. DSC thermograms of (a) a freshly prepared metal-free Acknowledgment. We thank Philip Berg and Russell
phthalocyanine-stearyl alcohol (1:1 tol ratio) 183-layer L-B film, Jeffries for making the electrode thickness measurement
(b) a fused (recycled scan) L-1B film, and (c) a pure stearyl alcohol by interferometry and Wanda Carter for obtaining the
L-B film. DSC data.

at 58.5 *C. These thermograms indicated that the mor-
phology of the L-B film is more complicated than a simple Registry No. CuPcCP, 93530-47-3; ZnPcCP, 93530-48-4;
fused mixture and is irreversibly altered by the 100 *C PtPcCP, 93530-49-5; PdPcCP, 93530-50-8; CoPcCP, 93530-45-1;I i thermal treatment. NiPcCP, 93530-46-2; HjPcCP, 93530-40-6; 12. 7553-56-2.
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hCorrelation of Surface Acoustic Wave Device Coating
Responses with Solubility Properties and Chemicti- Structure
Using Pattern Recognition

David S. Ballantine, Jr.

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

Susa I- Rose and Jay W. Grates

Chemistry Divison Naval Research Loboratory. Washington, D.C. 2037-500

Rank Wohitien

Microsensor Systems, Inc.. P.O. Box 90, Fairfax, Virginia 2203

Twetrg siefac. acoustic wave devc coatings were exposed operation have been described in detail (1). but they are
101 I hernieal vapont and reuponae. were correlated wilt, essentially maam-senaitive detectors. T1hey consist of a set of
solub~ltyproper1I@@ and coalM siucturto deterwine.poa- interdigital transducers that have been inicrofabricated onto
99"e vapor/ceating Ineadlo incains Hydrogen the surface of a piezoelectric crystals. When placed in an
bandhig ably Is hvipkated asa signmcant vae/cak oscillator circuit. an acoustic Rayliegh wave is generated on
kIneracflm, ieeherdnk Pattern recogistin Pmhans appled the surface Of the crystaL The characteristic resonant fre-
to the pro shisy date akided In seebdIly property/reoe quency of the device is dependent on transducer geometry and
coffladlmw. Principal .A meupne ftaayi" mnla the Raleigh wave velocity. Small mass changes or elastic
good separatism al l~eret classe of atiemlcal vapors modlue changes on the surface perturb the wave velocity and
tested. I H I& blerarit heteig pwide~d adlonal evdec are readily observed as shifts in this resonant frequency. The

altcoewons.m - w~hn rprtesn thob extreme sensitivity of these devices makes them attractive as
"roo dwe ln In eddion pattern reorto potential gas sensor'. 1The 112-M&z dual SAW devices roui-asietwayo an ~ e tinely used in our laboratory, for example. have a theoretical

tel5 uin thed Ic di5W L~ariI ehnqessow sensitivity of >17 Fh/(ng/cm2). Considering that the active
ooteraw a#bi t ensor canbgs Ldeevnteclmqsogase showthatm area of theldevice cover' 0.17 c=2 and asuming a signal to

00 Iteret *0 dwdcaly sn" berjhmm noise ratio of 3. this sensitivity results in a minimum de-
tectability of about 0. ng (1).

The ultimate Performance of a SAW device as a chemicalsense is critically dependent on the sensitivity and selectivity
Surface awstmie wave (SAW) devies exhibit great potential of the adsorbent coating applied to the surface of the pie-es =seall. very sensitive chemtical sers.M The principle* of soeectrie crystal. However, nO systematic investigation of

Cos~owajia~iasJjg0 IM * e
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U adsorbent ctiatings on SAW devices hais yet been reported. fa bl e -I. Test Vapors and S-olubility Parameters
5 wan references to responses of specific SAW coatings to specific

vapor arn few in number ("-5. The most closely related sensor re a
tecnoogyisthe bulk piezoelectuic crystal sensor, which has

been reviewed (6). Costing, exhibiting selectivity to specific ~Tbs ls

vapors have been identified in some cases but many coatings methanesulfonyi fluoride (MSF)
1have bean of ill-defined composition and. until recently. w. N.N dimetiiylsartainide (DMAC) 0O88 0.76 0.0
1ection has been largely empirical (6-11). It is therefore es- nehlmtylhehnt D~hu) (.1 0
sential to identify coatings for SAW dievice. which respond Bubblers, Claw 2I~to vapors of interest and to develop a rationale for the selection 0.
or design of suc cotng waer 1.09 0.18 1.17

- The development of adsorbent coatings alone may not be (IScO), 001 (0.0) (0.0) (0.0)
suficent forasome applicationis of these devices. It aislikely Wouene (rTO) 0o54 0.11 0.0

j !that any given material possesses 3iufficient selectivity to dietbyl sulfde ODES) 0.36 0.28 0,0
permit accurate detection and identification of a single tributyl phoetihats (TBP)* 0.65 0.77 0.0
chemical vapor of interest in the presence of multiple, un- 2-butwon (WM ~ 0.67 0.48 0.0

known interferences. A promising approach to thia type of 04 .8 07

*analytical problem is tha use of patternt recognition techniques 'Those valuse. mimpublisahd data from Abraham (=) Values

m 1his approach has been applied to vapor response data from values for isooctans ane taken from 2,4-innethylpentane.
3Ielectrochemical sensors (12) and to the selection of coatings
* for piezoelectric crystal sensors (7).

I Pattern recognition techniques, as applied to sensor data, O p _Scan be described as follows. The sensors encode chemical
informstion about the vapot in numerical form. Each sensor
defines an axis in a multidimensional apace. Vapors can be
represented as points positioned in this apace 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 multivarite statistics and
numerical analysis to investigate such clustering and to elu-,~cidate relationships in multidimensional data sets without
human bias& In addition. the method can reduce inierference . W0
effects and improve selectivity in analytical measurements.

In this study, we have geneated a large data base consistingIof the responses of 12 SAW coatings to I1I vapors at various
concentrations, and we have analyzed these data by using

jpattern recognition techniques. Our objectives were 2-fold. O M
First, we wished to gather sufficient data to investigate and
possibly identify the types of vapor/coating interactions re- Fkp 1. 11-f SAW devloo & adsasoclstod sl~Is 'INA
sponsible for the observed SAW devices responses. Pattern doron3recognition techniques assisted in this effort by clustering
vapors with similar response patterns and by identifying electrodes wereb ofgold (100 A thic~k) deposited onto titanium

Ii imlartis btwen oains bse onreponesto aprs (about 200 A thik) to provide adhesion. Each electrode Arryj~seconly~it wetwised toadteringbaed the abilitytof vpater consisted of 50hger pairs with each electrode 7 g&m wide andSecodly we ishd t detrmie te ablit ofpattrn ec- spaced 7ia 1km e the next finger. The electrode arays had an
ognition techniques in conjunction with SAW sensors to aperture of 0.01 cm. The devices were clamped into a TeflonI discriminate between vapors of interest aid chemically strolls holder using a" ptomur dlips -and screws. A lid attached to

itrferences. Such discrimination is necessary for an a&nay this holder was fdhd with inlet and outlet, tubes to provide a vapor

deetrto be practical and effective, flow path. 'The we delay linm used ink this system were connected
EXPERIMENTAL SECTION Diut show in of. thcstn materials were prepared in3 Materials. Solvents for vapor stream generation were corn- volatile eolveaf, ursuaiy chloroform, tattrahydrofuran, or a

* mercial materials of 99.99% purity. except diethyl sulfide (98%, methanol/chleuhibam mixture. To make chemical sensors one
Aldrich) end dimethyl me- yp- - ont (97%. Aldrich). These delay line was camed with the material under investigation uin
materials are listed in Tabl L an aibrbnzh. Codting deposition produced frequency shifts ofI~ The following coating materials were obtained from Aldrich: 75-200 kHz. whc were recorded and used as a measure of film
&bietic acdd. octadecyl vinyl ether/maleic anhydride copolyrner. thickness for nasalization and comparison of data (1).
poly(epichlorohydrin), cis-poly(iaoprene), and acrlonitrile/bu- The unmasted delay line acted as a reference oscillator to
tadiene copolymer (0.45/0.5). Poly(vinylpyrrolidone) and 0V210 provide compensation for ambient temperature and pressureI were purchased from Miltech. The two polyphosphazines are fluctuations. Each delay line was connected to a TRW 2820 wide
proprietary materials and were obtained courtesy of Ethyl Corp. band rf amophilier to provide the amplification required for os-
Po1Y(ethylene masleste) was preparedl as described by Snow and cillatiom to ocm The frequencies obtained from each escillator
Wohltjen (2). Polylamnidoxiune) was prepared by reaction of the were mixed sadaub=e balance mixer (Mini Circuits LUbs SRA-i)
scrylonitrile/butadiene copolymer (Aldrich) with hydroxylamine. to provide the Iwifrequeney differences signal which was toes-
Subseq uent IR analycis indicated a nitrila to amidoxime ratio of sured. Froqumyg wmrm asawr made with a Systron-
Q3/0.07 (134. Fluoropolyol wee otrepared using iethods do- Donner frequoumarater, Model 6042A. The frequency counter
scribed by O'Rw at al. (14L. These materie. a&d their structures was interfaced ism Apple I!* microcomputer via an IEEE 488
are given in Table 11. bus sand interface Ca"d

SAftalyfticail System.Th 112-MHdualSW oa lines usd Yaips Gemsineas~ Systwm. Vapor steamse were generated
in this study wer fabricated photolithographicolly on polished with mn auosoed gan headier system interface with an Apple
S-? Quart substrates (0 cmn x I cm x 0.06 cm thick). Tho Ile nicr N Pp i Plumbing connectionis were made by using
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Tabl* 11. C;oiting Material* and Structures

"iIYCOCIN BOND ACMPOO-00ftO
COATEIIG SrRuCTUAIS M Of TOTAl)

POLY 4TMnfkf0 ; AROY 414-0

UALOC AMMIAM ~ I I I OALWAGE ~SI5
COPOLXYWR Crvvc C 0.1c 1 N

0 0 -o

POLyYWOLYOLDOW t.CH 2 .CN.I CAM48OP ISM-25%
pwI N 4"-13%

I ,ACRYLOMTTMU I.CH 2 -cm.cmN.C 551 KCN2.O4." WMIN lSA-22%
IUTAONEP COMXL1.N* V9AMI

C.":

C..N: I-CH 2-NCC 2 l 5

PQLY LA&4IOOX&ME PAOXI I-N

MgY CEPC)MORCH4'ODt 1.0-CH 2cm-l O-LOKAGE hw. EIMI7
UPECH) I

illTI ^CO5)A0 CNICH 3 12  CAPHOKYL DOSA.O6.tIS%

m3C COO"4

OV2 10 C" 3  O.tEACAG IW4W-I1qI

CICHa43 Cr3,

RULOPOMOLYOL WPOU F 3C Ci, CF3  Cl3  NYOAOXY. "§A.014%
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IIIir Theim *o[o nce ubn.l carriergasawaat corni- -- bubblers was miaintained at 39 el./min. while flow rates to

V lai htwas dried by peemgebm reit.Fo ae pervieation tumvaried eei 9to20iL/min, depending onwrcotoldwith mwflow controllers (Tylan). the desired concentration Additional air for dilution could beIndlividual vaW stramm wer generated from one of up to eight added downstream, up to a tots] vaoiwnetric flow of 1200 mL/min.
bubbler. or one of up to four permeation tube.. Air flow to Based on the accuracy o( the mm= flow controllers, the uncer-
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I taintits in the total volurnet-ic 11ow rates were 1.7'. A constant Because it is impo..ible to imagine the data points clustering
system output of 39 mL/min to the sensor was maintained by in n-dim vsional apace, a display method was used to transform
a piezoelectric precision gas leak valve. This system will be the data into two.dimenional space for easier visualization. The
described in more detail elsewhere (15). Karhunen--Loem transformation finds the axes in the data space

The bubblers consisted of stainless a' el vessels containing that account for the major portion of the variance while main.
approximately 100 mL of solvent, with inler and outlet tubes of taiing the least amout of error. A correlation matrix for the
t/rin stainless steel tubing. Vapor mass flow rates were de- stored data set is computed and the eigenvalue. and eigenvectors

termined by adsorbing the vapor output onto dlean, dried chrca are then extrcted. The two-principal-¢omponent plot presents

and mass flows were determined. Two traps in series were pe- a nonflinear mapping routine is used to separate vapors that
riodically used to check for breakthrough. Multiple successive overlap when projected onto this plane but ae separated in the
determinations resulted in calculated moo flow (in md/min) with multidimenionas The n onl;"e mapping routine trans-
S error* of less than 6%. forms a set ofpoints from n-space to two-space by maintaining

A cibrated permeation tube containing methanesulfonyl the asimulzities betwesn the points, It does this by minimizing
fluoride was purchased from G.C. Industries (Chatsworth, CA). an error function (18).
Permeation tubes containing 1-3 mL of dimethyl methyl- Clustering techaiques, which are unsupervised learning tech.
phosphonate or NN-dimethylacetamide were prepared using niques becaume the routines wa given only the data and not the

I 1-1'/, in. lengths of Teflon heatabrink tubing (3/. in. Ld., Cole- class membership of the point., group compounds together ac-
Parmer) capped at both ends with Teflon rods. These tubes were cording to -mie oteion. By examination of the different
stored in a desiccator for 1-3 weeks and then calibrated at op. lusteing rmult a cleaew isght is gained into the actual
erational temperatures (DMMP. 50 IC; DMAC, 25 C). The tubes clustering n a-spece (17). ADAPT includes a variety of ag.
were weighed every 2-3 days until constant permeation rates (in glomeeative hisrarchial clustering routines which group the data
! 4/m;") were obtained, Permeation rates had errors of law than by progresively fning them into subsets, two at a time, until the
10%. entire group of petterna isa single set. The routines maintain

Data Collection and Analysis. During costing testing, the a particular within-group homogeneity, depending on the criterion
difference frequency output of the sensor was recorded every 2 and the fusing strategy used. Three disimilarity metrics were
a at 1 Hz resolution. In a typical experiment, the sensor was used (a) Eudidam distance squared, (b) Eclidean distance, and

J expoed to air for I min to establish a base Line response. This (c) Canberra distance. The fusing strategies investigated wereSwas fo][lowed by repeated mmoaurea of vapor/air/vapor/air, with (a) nearest neihbeor Wo median, (c) averam, ad (d) flexible

each exposure of 2-min duration. fusion. Raldting data are displayed in dendrograms (19).
* Each of the 12 coatings was exposed to 11 chemical vapors. Classification methods, which am also considered supervised

* Each vapor was run at four different concentrations, with two learning techniques because they are gve, both the data and the
experiments (four vapor exposures) at each concentration. eomct clasification results, generate mathematiceal functions to
Freuency shifts caused by thee vapor exposures were deternmed described the clusering. There ae two basic modes of operation

* by integrating the area under the signal peak and averaging over for cimificatim methods. (a) parametric, and (b) nonparametric.
* the number of data points collected. An equilibration time of Parametric techniques use statistical information based on the

-I 20 min was scheduled at the beginning of each new vapor to allow underlying data to define the boundaries of the clusters. Their
the vapor stream to achieve equilibrium. At the completion of performance is based on the assumption made concerning the
the experiments for a given vapor, the gas handler system was statistical charatearistics of the data. The nonperametric tech-
flushed with clean air for 10 mi. niques use mathematics to defins the area between the clusters.

Pattern Recognition. Since dividing the sensor responses The primary perametric programs used in these studies are Bayes
by concentration is not possible fore field instrument measuring liner and quadratic (17), while the nonparanetric routines wer
unknowns, it is important for each sensor to be exposed to the the perception (17) and adaptive heatsquares (ALS) (20).
same concentrations, and to apply a closure method (such as To achise the beat cimification results, each sensor responseSpattern normalization) to the results. The data were collected is multiplied by a comtant so that the contribution of each sensor
on individual ensors rather than an arry. As a result, the sensor is weghted. TM vector that is generated is c&le a weight vactor.
data for a given vapor were not always collected at the same The routine iteratively updates the weight vector, and a decision
concentration for each sensor. To get the same concentrations surface cam be located betwem the classes. The weight vector
for each vapor across a pattern vector, responses for some sensors for a linear decioi surface can be generated by one claessifier,
were interpolated from the calibration curves. For most of the stared, and theimed subsequant in another clasifier. Weight
11 vapors, average frequency shifts were determined for two vectoes can be imprmed by pasein them betweesn classifiers.
experiments at each of three concentrations. Only two concen- Learning techniques are used to train the algorithm on the*trtion resulted in satisfactory responses for MSF. while all ,our correct classification results. A discruninant function is found
concentrations of DMMP were consistent for all of the sensors that separates oe clan from another. The width of the function
tested. These response values. or descriptors, for the 11 vapors isa ameasu of the separation. Feature selection is used to reduce

- fo-ned a 66 x 12 data matrix. Each row in the matrix isa pattern the number ofemamso to the smallest setwhile maintaining good
vector, representing respon-e of the 12 coatings to a given ve. doiificatin s (14). One feature selection method randomly

B por/concentretion experiment, rmove vow fees the data set for each analysis in multiple
Thean data wer then analysed ona VAX 11-750 using pattern appficotions of the perception algorithm. As each vapoe is re-

recognition routines included in ADAPT (16). The pattern vectors moved. the -mim, in the weight vector is determined. If the3 were normalized using pattern normalization methods described. observed variance a large, then the information from the corre-
previously (12).. The normalization procedure removes the effects sponding amse does not contribute significantly to the observed
of concentration and the sensitivity of one vapor relative to an- separation of classes.
other. This is z:eceseary to obtain the maximum amount of
chemical information from vapors that --ive only weak responses. RESULTS
Each descriptor for a given mating was then autoecaled to a mean Vapors usd during this study m given in Table I. These
of zero and a standard deviation of unity. Although autaecaling vapor* were dclms to represent a variety of structural andalteirs the actual values of the sensor respon na, it does not algter ftmncti nlgo up, s.m In addition .we were specifically interested
the number of features or the basic geometry of the clustering(1f6). in coating that would be senitive to toxic ognpopouI __Multiple linear reein was used to investigate the uni- compounds. The st of vapors contains three vapors selected
queeme of each seeno while testing for collineArities which could as simulint of these meterial Methanesulfonyl fluoride is

nu merical instabilities in the analysi After the set of senw an irreversibe mayme inhibitor and. as such, exhibits bio.
J mresponses was checked for collinearities, patter renog.itun logical activ siminar to the oraposphor insectiddes

tedhniques for display and maping. clustering.d classification (21). -D i le e h oubility prperie that are
were implemented. si..ilar. to gth materisk, as indicated by the solubility pa.
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Table IlL Normalized Vapor Respoces (100' TIz/(ppmk'k!z))

Coatings

vapors PEM OVEMAC PVP PBAN PAOX PECH ABACD FPOL PIP OV210 PPZN1 PPZN2

MSF 240 78 44 160 130 0.0 96 390 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 15bA3 230 204 340 990
DCE 4.2 0.9 2.0 3.4 4.2 3.0 3.3 2.4 2.5 0.4 0.5 0.9
water 2.8 1.3 4.8 0.3 0.4 0.6 0.4 0.2 0.09 0.2 0.2 0.7
ISO 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 3.8 1.3 0.7 3.9 4.8 3.9 9.4 0.12 3.7 0.6 0.5 1.4
DES 4.4 1.3 0.4 3.4 4.0 4.1 8.7 3.0 3.7 0.6 0.4 1.7
TBP 24 2.6 23 6.4 17 7.2 13.8 13 0.08 29 3.7
BTN 3.6 0.5 0.5 1.8 1.9 2.0 2.2 3.0 0.54 0.3 1.3 1.9

BTL 11 2.7 11 3.4 8.9 2.6 18 8.0 1.0 0.7 0.9 1.1

4000 GAS GAS GAS OAS
ON OfF OP 5f

S2000
03 I I ,

0 € 4 6 10 12 14 i's

-o-2000J TIME (MIN)

Flgrer 2. Typical SAW device reverstIe response. IRA,

rameter values in Table L Dimethyl methylphosphonate '0
(DMMP) is structurally similar to many of the organo--
phosphorus pesticides. These three vapors are grouped to- ,
gether and labeled class I vapors The remaining vapors are
called class 2 and represent a very general set of potential
interferences. Note that tributyl phosphate is also an org-.

" -'J nophosphorus compound. It has been included in class 2

specifically to test the ability of the coatings and patternrecognition techniques to distinguish between chemically
S•ril compounds. Included in the table arm Solvatochromic

parameters, which are a scale for comparing the solubility
properties of these vapors (22,23). These parameters are a
measure of the dipolarity/polarizability (r*), hydrogen bond
donor acidity (a), and hydrogen bond acceptor basicity (A).
The ranges of values in the tables are evidence of the gen-
erality of the set ofSelectedvapors. No data are vailable 2I t l J i' 2 I I 3 j i
directly for DMMP or isooctane. Values in the table for COAMMDMMP are boned on values for a s-am,1s compound, dimethyl

ethylphosphonate (DMEP). Values for isooctane are based Figue 3. Bar graphs showsig re•dve response pattermns of 10

on values for 2,4-dimethylpentaue. These parameters will be COMOW to sf6 vapom.
correlated with observed response behavior in the discussion
sectiont suspected. In general, most of the coatings were more sensitive

Adsorbent coatings exhibited good response times, usually to clam 1 than to clam 2 vapors and exhibited particularly good
Sreaching 90% of total response within 1 rmin. At high vapor sensitivity to DMMP. Poly(ethylene maleate) and fluoro-

concentrations. the response time wIs more a function of the polyol were the most sensitive coatings for detecting DMMP
system dead volume than of the coating response behavior, and other class 1 vapors. The response of fluoropolyol to
At lower concentrations, however, responses may have been DMMP was the response of greatest magnitude in the entire
affected by longer equilibration time between vapor and data set and was at least 2000 times greater than its response
coating, or by adsorption of vapor onto tubing walls. Upon to any clam 2 vapor. The coating that was least sensitive to
removal of the vapor stream, a rapid return to stable baseline DMMP was poly(vinylpyrrolidone). While it was the most

was usually observed. A typical response is shown in Figure sensitive coating for water, its response to water was still 10
2. Reversible responses were observed for all vapor/coating times le than its response to DMMP.
pairs given in Table IIL Frequency shift data were used to Noise levels of 10-15 H2 are amociated with the SAW de-
generate calibration curves. The slopes of these curves in vices. Assuming a SIN ratio of 3, the minimum detected
Hz/ppm (vapor). were then normalized by dividing by the film signal is 45 Hz. For a 100-kHz film of fluoropolyol, for ex-
thickness (in kHz). Normalized responses are presented in ample, this translates into detection limits of 0.03 ppm for

STable II1 . DMMP and <2000 ppm for water. For a 100-kHz film of
Coating materials and their structures are given in Table poly(vinylpyrrolidone). these detection limits are 11 ppm and

MI. Because we were interested in detecting orgnophoaphorus 100 ppni, respectively.
compounds, coatings wereselected based on preliminary tesm Individual bar graphs showing the relative responses of the
that indicated a sensitivity to DMMP. Coating sensitivities 12 coatings to six of the vapors are shown in Figure 3. For
to oth-r vapors in this study were not known, and extreme display, responses are normalized to the coating with the
selectivities to DMMP and other clam I vapors were not greatest responses, while the scale of actual response (in
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Hz/(ppm/kHz) is given on the y axis, Similarly, bar graphs frs show an h Figu ere 6 naThe i orgna onm hr o h atri waseu edto

* showing ther resonse of four of the coatings to all 11 vapors isimif visulrizi Theauignlt f matrie wsecn reduperimeto

ihart shown in Figure 4. Te solid bars shown are all nor- of the two highest concentrations were selected. The y axis
MaliZd to the vapor eliciting the highest response. In most of the dendrocpms ina measure of the dissimilarity of response
cases, the class 2 vapors elicited much lower responses than patterns for givesvaos . Thlua. diethyl sulfide and toluene

Sclass 1 vapors. For th" reason the response patterns for these exhibit very similer response patterns, and the lines repre-
vapors are not easily seen when plotted on the same scale as senting the espoma-- patterns for theae vapors converge very
the class 1 vapors. To display the relative responses of the low on the'y axis of the dendrogram. Conversely, the lines
class 2 vapors on the same graph, the clasa 2 vapors were for water and isooctane do not converge, indicating very

Snormalized to the highest class 2 response. Bars have been dissimilar respons patterns.
superimposed in Figure 4 to show the response pattern of the Similarities MAndissimilarities in the coating were examined
normalized class 2 vapors, by applying dW analysis on the transpose of the 66 X 12

Patters Recognition. The multiple liea regression re. matrix. Since no - tural information was available for the
suits indicate that the correlation between sensors is not POlyphosphasim e mtings, information derived from these
strong. so indvidual coatings could not be eliminated on the coatings is of liumitd vahie. Disregarding the response data

bssof redundancy. According to eigenanalysis, ten sensors for theme coatinp dudt" analysis was also applied to the
account for 99% of the variance. indicating that at least two transpose of the renalting 66 X 10 matrix. These results are

Sof the sensors can be removed without reducing the separation displayed in Figure?7.
between cOmpound. The first two principal components from BY use of-clma~tioe routines and feature selecrtion to
the Karhunenr-Loeve transformation were used to initializedl reduc the SeMM rWib the moat varianice, four coatings were
the nonlinear mapping routine. The resulting plot is shown found that could siPara dIAsa I from class 2 vapors. These3Jin Figure &. Class I and class 2 compounds are labeled on were0 poly(ethYlm0' 10aleate), fluaroPoiyol, octaidecyl vinyl
the PlOt with a 1 or a 2. respectively. It is clear that responses sither/malese ashydridecovolynas' and poly(vinyl-
for individual vaP=r tend to cluster in discreet sectors of space py rolidone). Thes hTerPlan between the two cdasses can
with well-ertned boundaries. in addition, clas 1 vapors tend be given a dead soie (or a width of 1000 timns the normal

Sto cluster near one other. Vapors cluster in n-space based on width produced by the routines). whih indicates that the
shilarities in repose pattens. Thesei clusters may indicate clanss are well 2*010Ased With all four coatings 100%
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DISCUSSION
In the course of discussing these results we will attempt toIi' develop a rationale to be used in future coating design and/or

selection. The uclvatochromic 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

2 Z 0 not describe all possible solubility interactions. For the
.. -C 4 purposes of the discussion they represent a reasonable first

0 0approximation of the solubility properties of these materials.
*1w .Tpm irrhclckWrsfso o* ado By correlating observed responses with thes parameters we* I~ ~ esone toFgx 7. Typmca B Mr Rc~a C~tr sun t5 ofl CO5 nl95bdon hope to identify the vapor/coating interaction mechanisms

I t5P~f565 o 1 vs~is Euc~en ma ~ ~ ~that are responsible for our results.
______Since no quantitative scale is available to characterize the

solubility properties of the coating materials, qualitative es-h i timates of relative hydrogen bond acceptor (HBA) and hy-
drogen bond donor (HBD) strengths were made based on the
weight percentages of HBA and HED functional groups in

I their structure, These percentages are reported in Table 11.
I Materials lacking any hydrogen bonding functional group.

DTL91mation was available for the polyphosphauines, results for

____ ___ ____ ___ ___The vapor/coating interaction could be modeled as the
L__________________ dissolution of a solute vapor in a solvent coating, It is rea-

P01COSPOSE sonable to model the coatings as a solvent phase since all the
a.gw Mmka cmow ltusVmls&m ofrbs polymers were employed above their glass transition tern-

coatings. E FPOI.. PVP, OVEMAC. peratures. The response should be determined by solubility
interactions, e. g., dipole-,dipole and hydrogen bond interac-

recgniionofvapors as class 1 or class 2 is possible. Elim. tions. The data set as a whole indicates that the solubility
inating octadecyl vinyl ether/maleic anhydride copolymer properties represented by the parameters in Table I are im-
decreases this t9%.which still rersnsreasonably go otn ndtriigSWdvc epne.TesxvprJJdiscrimnination. The wegtvectors for these coating we given whose response patterns are ilustrated by the bar graphs in

in TbleIV.Of thes coatings, fluoropolylol adpoly(vi- Figure 3 are representative of various casses of vapors, based
nylpyrrolidone) are most important for the correct clmsiri- on solubility properties. Water is a strong HBD and a weak
cation of class I vapors, while poly(ethylene maleate) is im- HiBO,;, -butanol is both iHBD and HBA; DMMP and tributyl1¼portent for class 2 vapors, phosphate are HBA but not HBD; isooctane is a NHB vapor

The nonlinear mapping plot from the two principal com- with little or no dipolarity/polarizability; and dichloroethane
ponens using these four coatings is ehown in Figure & While is a NHB vapor with significant dipolerity/polarizability. The
the cluster spaces for acme of the vapors appear to overlap, bar graphs in Figure 3 show that vapors with different solu.14jthe boundary for clam I Pcompounds is still well defined. The bility properties elicited different costing response patterns.
dendorapmn produced by Eui~dean metrics and flexible fusion Vapors with similar solubility properties, such as DMMP,

Sfor these coatings in given in Figure 9. Class I compounds dimethylacetamide, and 2-butanone have more similar re-
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sponse patterns (see dlati, in Table 111). DINN!P and tributyl We can. however. explore the role o~f hydrogen bondingI phosphate. however, have easily distinguishable response interactions by using the relative scale of HBA and HBDIpatterns but have a similar solubility properties. Closer ex- strengths in Table IL With the exception of poly(isoprene).I amination shows that this is primarily due to poly(vinyl, all of the coatings contain heteroatomas capable of accepting
pyr.rolidone), fluoropolyol. and 0V210. While the overall hydrogen bands. HBA strength shotuld be signifitcant for thoeeIresponse of the remaining coatings is still more sensitive to coatings containin carbonyla ofnitrogen-containing groups.

IDMMP, the general response pattern of thiese coatings is more Weaker HBA strength is expected for those coatings con-
~ iilar. taingn only ether linkage.. Three of the coatings also contain

The reason for which all the coatings were most sensitive HBD groups (fluoropolyol, poly(amidoxime), and abietic acid).
Ito DMMP is not clear. Examination of the solubility pa- Water and butanol an the only HBD vapors in our data set.
rameters in Table I indicate. that DMMP is not exceptional Of these Irnd in the response to water vapor are most likelyU.n ita hydrogen bonding ability. Therefore, the extremely high due to HBA strength of the coatings because water has

Iresponse of these coating. to DMMP must be due tv some stronger HBD than HBA strength and has no aliphatic
solubility property that has not been characterized in Table character. For this romno. coatings were listed on the z axis
1, such as its dipolarity/polarizability, or to a fortuitous of Figure 3 in order of decreasing response to water.

Scombination of solubility propeterties.Th results mn Figure 3 show that the relative coating ro-
I That noted differences, observed between DMMP and tri- spionaes to wate tend to follow the relative HBA strengths
buy phsht-r also likely due to differences in a solubility estimated froms the weight percentages of the HBA functiontal
parameter that is not examined here. Structurally, these groups in the coating structures. This confrms that hydrogen

Svapors differ in sizewith tributyl phosphate containing large bonding interactians are important and justifies consideration
alkyl groups that may significantly affe:.-t its solubility in of the simple scale in Table U. While water also has con-

jcertain materials. siderable dipolorityfpolarizahilit properties, the data indicate
S Hierarchical cluster analysis provides a more systematic no correlation with polarity. Nonpolar isiooctane does not

determination of the similarity or dissimilarityof thevarious exhibit a trend opposite to that exhibited by water nor doesIvapors, as determined by SAW sensor responses. The me polarizable dichloroethane follow any apparent trend. The
sulting dendropram in Figure 6 sorts the vapors in a manner other HBD vapor, I-butanol, exhibits a different response
I ht is consistent with their solubility properties. Starting pattern. 'This may be due to greater MBA strngt and more
from the top of the plot and working down (toward increasing organic character relative to water.Isimilarity). the NHB vapors on the right are separated from On the low end of" thi lei, poly(isoprene) is the only NHB

Sthe HBA and HBD vapors on the left. Isooctane is separated vapor coating in this study. It exhibits a much larger responseU fom the other NHB vapors, a result consistent with the to the NHB vapoi isooctane than any other coating, with the
1unique character of isooctane as indicated in Tab.'e I. It is exception of abietic acid. In addition, the responses ofIthe only vapor with near zero dipolarity/ ;-olarizability. The poly(isoprene to other NHB vapors (dichiloroethane, toluene,
INHB vapors with significr~n dipolarity/polarizability (1,2- and diethyl sulfide) ar larger than for the MBA and HEDUdichloroethanis, toluene, and diethyl sulfide) Are more similar vapors in class 2. In general, the other coatings exhibit higher
to one another than they are to isooctane or the HBA and responses to class 2HBA vapors. particularly TEP and bu-
HBD vapors In this dluster, dichloroethae stands out in the tanol, than to the NHB vapors.

1dendrogram and in Table I as the NHlE vapor with the The bar graphs in Figure 4and the data in Table M in-
greatest dipolarity/polarizability. dicate that all the coatings, except poly(vinypyrrotlone), have

SI Among the HBA and MBD vapors on the left of the don- a fundamental similarity. They are more sensitive to class
drogram, water is the least similar to any other vapors. Ac. 1 than to chn 2 vapors. Chuter analysis helps to more clearly
cordingly, water is seen in Table I to have extremely highly identify similarities and disaimilarties among the coatings. In
dipolarity/polarixability. It is also unusual in its relatively the dendroponi in Figure?7, fluoropolyol, poly(ethylene ma-I! high HBD character. The other HED vapor, 1-butxnol, has leate), and PVP stand out as being most dissimilar to other

$significantly greater HBA character and less dipoliaRity/po. oatings and also dissimilar to one another. These resuilts can
larizability than water and is shown in the dendrogr'm= to be be related to the data by examining the bar graphs in FigureI more si-mia to the other HBA vapors. In general. t'~e MBA 3. Relative to the other coatings, fluoropolyo has very strong
vapors cluster together, with DMMP and dimethylacetamide response to DMMP. a weak response to water, and average
being the mot similar. These resulta demonstrate that the responses to tributyl phosphate and isooctane. Poly(ethylene
solubility properties in Table I should be considered as im- maleate) exhibits strong response to DMMP, water, andE portant factors affecting SAW sensor responses. tributyl phosphate, and an average response to isooctane.

Exceptione to these general trends must also be considered. Poly(vinylpyrrolidone) has strong responses to water and
For example, mathanesulfonyl fluoride dlusters with the other tributyl phosphote, but give the weakest responses to DMMP
MBA vapors, but it is a weak HBA vapor and may be more and isooctane. In reating the dendropram results to structureJsimilar to that of diethyl sulfide, a NHB vapor. Similarly, it is worth noting thet poly(vinylpyrrolidone) may be the mostItributyl phosphate does not cluster as closely to DMMP as basic of the coatings in the data set. Poly(ethylene maleate)
might be expected banedon the fact that both are organo- may be the Ioost polar. since it has polar groups in the
Phosphorus compounds with similar HBA strength. Indi- backbone and no side chains. Fluoropolyol is distinctive inI'vidual comparisons, therefore, emphasize the importance of its combination of structural features, such a fluoroaliphatic,
factors in addition to ths. solubility properties in Table L. aromatic, ether, and hydroxyl groups.

The roles of coating properties and structures in deter- Simxilaritise s oag the coatings are shown in the dendro.
mining sensor responses cannot be fully determined by these guam by the dlu"trn o( polly(isoprene). octadacyl vinyl
data. Coating responses will be influenced by a mixture of ether/mali sah)drie epo~olymer, and 0V2M0 These all
interactions with Various structural features such as double have substantial hydrophobic character. The cluster con-
bonds, conjugailon. aliPhatic side chains, and heteroatomic tamning poly~pclhdi) abiotic acid, aarylonitrile/bu-

~fncioalgroups. The relative importance Of these inter- tediene Fc1p1104.u enI Polyraaidosime) is of interest because
actions is difficult to determine, and relevant solubility poly(amidnsaes) is a OWWlcaiMW of the acrylonitrile /buta-Iproperties for these coatings have not yet been identified. diene copolymsr. Mwe madilleationam cese a osmallpretg

perenag
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(0.07) of HBD groups. As a ra-ult, poly(amidoximie) clusters 514-10-3-; FPOL, 1064051-:33-4; PIP. 9003-31-o-,11,0, 7732.18-5.
- sli ghtly closer to abietic acid, which aLso has HBD Mrupa, than

to its parent polymer. A previous study of V coating materials3 LITERATURE CITED
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Determination of Partition Coefficients from Surface Acoustic
SIWave Vapor Sensor Responses and Correlation with

Gas-Liquid Chromatographic Partition Coefficients
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NJ Surfac~e acoustic wave (SAW) devices coated with a thin On, partition aoefficient, K, which gives the ratio of the con-
of a sttonary phase sens cheswica vapors An the gas phae centration of the vapor in the stationary phase, C,. to the
by detecting the mass of the vapor that dlstulbutee kilo the concentration of the vapor in the vapor phase. C,NJ stationary phase. This distribution can be described by the K = CS/C, (1)
partition coefflclent. An equation Is presented that allows An eqato is deie hrite, H K to 1- caclae
partition coefficients to be calculated forom SAW vapor s ietl onobevdSA aorsno feuny hfs
frequency shat. The experituetrtal responseis of Ikioro- This conversion provides a method of normelizing empirical
poIYolcot9401JAz dual delay line SAW vapor sensors we SAW data in a way that provides informatios asout the Vs.

covetied to partition coefficients by this miethod, and these por/coating sorption equilibrium.1, resuite are compaed with partItion coefficients determined As a sorption detector. the SAW sensor a& similar to the
by gas-Sqtuid chromatography. These two methods rank the bukwv pizoletric (EW?) crystal dew'e - first reported
vapor$ ntes an order of I toeasing sarption, but Inditviduial by King (2!M 21). A linesr relationship bet ten the BWP

patiion coefficient values are not always In precise agree. crystal frequency shift (An) and K was later (.e.ived by Jan-
Rwt The Intluence of teimperature end gasi-phaise vapor ghorbani and Freud (22). These authors investigated the

concentration on vapor sorption Is also examined. use of coated BWP clystals as too chromatographic detectors
and demonstated that peak areas wers linearly related to
retention vie~s for three n-alkaies on squaleae. (Retention
volumes are directly proportional to K.) Edmonds and Westrn The use of surface acoustic wave (SAW) devices for sensaing demionstrated that the responses of a tricresyl phosphate

chemical vapors was first reported in 1979 (1) and has since coated BWF aystal to rive vapors at 30 IC correlated with
been investigated by several groups (2-19). SAW devices relative gas-Equid chromatographic (GLC) retention times
function by generating mechanical Rayleigh surface waves on at 93 'C; tbws resulta provided qualitative experimental
athin slab of a piezoelectric material (such as quartz) that support for the linear relationship between Af and K (23).

osclltes at a characteristic resonant frequency when placed Alder at &L boos also noted that there is a relationship between
in fedbckcircuit with a radio frequency (rf) amplifier (7). ftf and K. an that the slope of response-concentration plots

The oscillator frequency is measurably altered by small should provide a measure of K (24). The relevance of K to
chanes in mass or elastic modulus at the surface of the SAW SAW vapor wsenor responses has also been previously noted
device. Vapor sensitivity is typically achieved by coating the (6.81. The fiviuency shifts of a poly(ethylene maleste) coated
device surface with a thin filmoastinrypseht will device inr spea to fin* vapors we.re compared with relative
selec-tively absorb and concentrate the target vapor. Vapor K values esgma'.rd by using solubility parameters (8).
so rption increases the mas of the surface film and a shift in None of the previous studies, however, have calculated

oh scillator frequency is observed. SAW devices offer many partition coodcienta from sensor responses or copred themo
avantages an chemical sensors including small size, low cost. with absolute values of K determined by any other method.

ruggedness, and high sensitivity. A further advantage is the This is due, inpart, to the scarcity of literature data on ob.
Potential for these sensors to be adapted to a variety of solute K valuies, especially near ambient temperatures. We

gophese analytical problems by designing or selecting specific have thwerefo begun measuring absolute K values by OLC
coatings for particular applications. Methods to quantify at 2SC fora~yidevatof vaporsonSAW coatingmateriala,

resonsbleforvapor sorption-will facilitate coating devel- am an independent method of measuring sorption into our

Eqiirussrto fabet aa noteSWdvc L with alssedsetermined from SAW meshturemen

I lustrated in Figure 1. The distribution can be quantified by Second, the doaeabse of GLC K values. cast be correlated with

0s003-VOW
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K = C' eq 6, which is identical with an equation derived by King for
C- coated BWP crystal detectors (20).i 1, z -__ , f. = l (6)

GI I n , c Go. Out The mass of the vapor in the stationary phase coating is

S1 41/7 /the factsr of greatest interest. It can be related to the con-
Scentration of the vapor in the stationary phase C.. in grams

I [ Station.er Pha.se per liter, byF SAW n.v . CD = m,,/V,(0Ol kg g€l) (7)

F4pw* 1. (stutw" of vapor between te gas phase and the sta- V. is the volume of the stationary phase in liters. Now,
tionary phase which is quantified by the parition coefficient. K. substituting eq 7 into eq 3 and rearranging gives

vapor solvatochromic parameters which describe vapor solu- m. = KCV,(0.001 kg g-1) (8)

bility properties (25-28). These correlations yield regression C. is the concentration of the vapor in the gas phase in grams
equations that predict K values for additional, unmeasured per liter. Finally, substitution of eq 8 into eq 6 relates A/s

U I ', vapors whose solvatochromic parameters arE known (29). perar Fin u t eq e
* Third. the coefficients in these equations provide a method

for characterizing the solubility properties of the coating Af. - Af.KCV,(0.001 kg g'1)/m, (9)
materials (29).

In this paper, we develop the equation relating SAW fre- This result can be further simplified by noting that V./m.

quency shifts to K values and introduce the methods used to is the reciprocal of the density, p. of the stationary phase. If

pursue the objectives above. We specifically examine the Af, is converted from hertz to kilohertz, the 0.001 conversion

sorption of nine vapors into a soft oligomeric material referred factor cancels out. The final result is

I to as t:uoropolyol. This material was chosen on the basis of A, Af. C,.K/p (10)Ii a prior study where several diverse stationary phases were
- applied to SAW devices and exposed to a range of chemical where Af, is the vapor frequency shift in hertz, Af, is the

vapors (5). The fluoropolyol-coated sensor gave some of the coating frequency shift in kilohertz, p is the coating density

highest responses observed. These results prompted us to in kilograms per liter (grams per milliliter), C, is the vapor
begin a more extensive investigation of its sorption behavior, concentration in the gas phase in grams per liter, and K is the

partition coefficient. Experimentady, Af, is determined when
THEORETICAL DEVELOPMENT the vapor-sensitive coating of dersity p is applied to the bare

The change in oscillator frequency. Af,. observed when a SAW device. 4f, is measured wt an the sensor is exposed to
*s bare SAW device is coated with an isotropic, nonpiezoelectric, a calibrated vapor stream of concentration C,. The units of

nonconducting, thin film has been described by C,,. grams per liter, are appropriate since dynamic vapor
streams are typically prepared by diluting a measured mass

Af, (I.t +k)Php - X + (2) flow (grams per minute) into a known volumetric flow (liters
v22 X + 2p per minute) of carrier gas (30.31). These units are also easilyconverted to micrograms per liter, which is equivalent to the

where k1 and k2 are materiel constants for the piezoelectric international standard of milligrams per cubic meter for
. substrate, F is the unperturbed resonant frequency of the gas-phase concentrations. Equation 10 provides a simple

SAW oscillator, which is determined by the geometry of the relationship for calculating K values from measurable sensor
interdigital transducers fabricated onto the surface, h is the characteristic. The relationship is independent of the specific
coating thickness, p is the coating density, g and X are the SAW substrate, having no dependence on SAW device fre.IJ shear modulus and Lami constants of the coating, and uR is quency (F) or piezoelectric material constants (ki, k2).
the Rayleigh wave velocity in the piezoelectric substrate (7). The assumptions inherent in eq 10 are that the SAW device
The second term in this equation depends on the mechanical functions as a mass sensor (mechanical effects are negligible)

~ properties of the film and is often negligible for soft organic and that the observed mass change is due to partitioning of
materials. If the mechanical properties are neglected, then the vapor between the gas phase and the stationary phase
eq 2 reduces to eq 3, which describes the perturbation in coating. In this regard, the equation represents a solubility
frequency caused by the mass of the applied film (7). This model, i.e. dissolution of the solute vapor into the solvent

* stationary phase. One additional assumption is made in the
Af, - (k, +- k2)P1hp (3) substitution of the reciprocal of the stationary phase density,

treatment assumes 100% coverage of the device active area. i. for V/m. in eq 9. The variable m, is the mass of the
The product of the factors h (filh thickness in meters) and stationary phase, whereas V, is actually the volume of the

* . p (film density in kilograms per cubic meter) in this equation stationary phaw when an equilibrium quantity of vapor has
* is simply the mass per unit area. Therefore the frequency been absorbed. This volume is assumed to be equal to the

shift, Af,. in hertz, caused by application of the thin film volume of the stationary phase itself. As long as the mass
coating onto the bare SAW device can be expressed as loading of the stationary phase by vapor is low, as it will be

A. =for low vapor concentrations or weakly sorbed vapors, thisI..... A = (kt + k 2 )Fm,/A (4) assumption is reasonable.
The variable m, is the mass of the coating in kilograms and Equation 10 is related (but not identical) to equations in
A is the coated area in square meters. The frequency shift, ref 22-24 which describe the relevance of K to the responsesS A. in hertz, caused by absorption of the vapor Into the coating of coated BWP crystal detectors.
can be expressed similarly as EXPERIMENTAL SECTIONS

Af, = (kI, + k2)FPm,/A (5) Materials. Fluoropolyol is a clear, very viscous oligomeric
n* material. whose repeat unit is illustrated in Figure 2. The

] The variable mn is the mass of the vapor in the stationary fluo-opolYal used in these studies wa provided by Dr. Jim Griffith
P phase coating. Dividing eq 5 by eq 4 and rearr anging gives of the Navyl Research Laboratry Polymeric Materials Branch.
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cf3  C'" CF C 3 ','hii circuitry operaties each delay line u.( 'he dual delay line
4 I~~~-c-'..-c,,.~ C64-o c- ,.12 .0c,, c.c.,~.~ 2 d evices asee resminnmaio clement in an A~cmllntnr circllit. The

I I o~. ~ ~ reuecis f he two oscillators are mixed to provide a low-
frtequnc difference Pirnal. Two esperimentnl systems ware

Flo"e 2. Repeat unit of flumoopoeyo. employed. Th, first consisted of four rf electronics modules a
power supply, and plumbing connections for delivering gas to the

~ ui, sensors (Microsensor Systems. Inc., SAS-S59A). This systemo outputs the difference signals of each of the rf modules. The0 seond ' cntaied oe rfelectronics module. a buffer ama-
plifier, sad a power supply (Microsensor Systems, Inc., SPM-
159A). This system outputs both the individual delay line fre-

Vapor Sensor Coating. Vapor sensors were prepared by

II a mask onto one delay line of a dual delay line SAW device. The

0-a is eeatdwt an airbrush and was distributed over
theentre uraceof hedelay line, including teintardigital

transducers (TIMT. The remaining uncoated delay line served
sea refernP sensor to provide temperature and pressure comn-

.5 C -4jpenetiam. During coating. the oscillator frequencies of both the

individual delay lines and their difference frequency were mon-

a measure of the amount of coating applied (7). Two sensors,II labeled A and 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 couting of 223 kHz when the difference frequency
is monitored. Sensor Bhad = kHz on tht.coated line and IIii -I-kHz on the reference, for an effective coating of 221 kHz. The
aTrg thicknes of these coatings (e~g. for 222 kliz) calculated

lno0.38cmý awecord~ing to eq 3is40 cm.using values of -&7 X 10O and -3.9
* 1* =2 mskgW for k1 and k2 on ST cut quartz (33). Given that
Eli the are of the IDTa and the space between them is 0.052 cm2.
U' thiscorresponds to 0.37 jag of material on the active surface.

Vape Strum Generation. Vapor etreams for testing sensors
Figure . ceecd~m@ S-t dual SAW delay lln wes e generated from gravimetricaly calibrated permeation tubes

moutedon T.8 tyl pakae wU~ fr-bonded sellctrcal coo~- or graviosetricaLly calibrated bubblers using an automated va-
an a Oe p dcuwh wr poe-generation instrument described in ref 3L. This instrument

generates selected vapor streams, dilutes them, and delivers a
These types of materials are prepared by methods described by progreammable flow rate of either clean carrier gas or the diluted

* 0Rear et al. (32). The density of fluoropolyol was measured by vapor stresm to the sensor. The instrument is controlled with
using a bulb with a calibrated vertical stem. (Fuoropolyol's high an Apple le computer.
viscosity precluded the use of a density bottle or a pycnometer For these studies the carrier gas was dry air delivered to the
tube.) The bulb was weighed before and after adding fluoropolyol senor at ambient pressure. Dimethyl methylphoaphonaite and
and placed in a thermoetated bath. The results at various tein- NN-dimathylacetamidie vapor streams wer generated by usingI I eratures are as follows (T VC). P (g m.l') 2M 1A530 A0,.63=2 permeation Utbes and the renmainig vapor streams were generated
60. L.6044, 90. 1.5629. Thes glas transition temperature of from bubblers. Vapor streams from bubbler. were diluted to
fluoropolyol is 10 *C. determined by DSC. 4-26% of eauration prior to delivery to the sensors. The flow

IlTe liquid solvents used, to generate vapor streams were coin- rate of rapor stream. to the sensor was 100 al./min.
1 mercisl materials of greeter then 99% purity, except diethyl sulfide Suene Dasponse Data Collection. Frequency nmesurements

S (98%. Aldrich) and ditnthyl methyphoephonata (DMMP) (97%, wen modb with a Phillips PM6674 frequency counter. The data
I Aldrich). The solutes used in the GLC measurements were also wer trsderred over an IEEE-488 bus to an Apple ne computer.

-commercial materials used as received; the GLC method does not This computer was in communication with the computer con.
*require highly purified compoundsl. trolling the vapor stream flows so that data collection and vaporU I ~ a SAW Dervice. The 158-MHx dual SAW devices used struam operatic.. were synchronized. The frequency data were

inthis study, shown in Figure 3 (Microeensor Systems, Inc., collected atea resolution of 1 Hi. The temperature of the sensor
SD-158-A) were fabricated on ST cut quartz substrates approx- was monitored with a YSI Model 44TC Telethermorneter with
imately 0.5 cm square, with All interdigital ringers. The entire a Type 401 thermister probe placed near the sensor in the rf
surface was protected with ca. 200 A of silcon dioxide. The input electronics module. For the temperature-dependence study, the
intardigital transoducer for each SAW device consisted of 75 pairs entire fear-sensor system was placed inside a meachanicall corn-
of electrodes with each pair repeated at 20-jam intervals (i.e. an vectiomt Oma
acoustic wavelength of 20 jam). The acoustic aperture was 70 l nas typical espeirimnt,. 225 data points were collected from

*wavelengthai (Lie. 0.1400 cm). The output interdigital transducer each smeor at 6-s intervals. The vapor was switched on at point
U i was spaced 10 wavelengths (i.e. 0.0200 cm) from the input 45, off at point 75, back on again at point 135 and off again at

tranaducer and consisted of 100 pairs of electrodes also having point 1656 The base line was determined by averaging the ten
each pair repeated at 20-jam intervals. The edges of the quartz points prioe to vapor exposure and ten points wall after the
eubetratA beyond the eods of the delay lines were cut 5* out of exposure (iLe. prior to the next exposure or prior to the end of
Parallel with the UYF runger. to sendi acoustic reflactione off-axis- the esperimnut. Tha line through these two averages is the base
This chip wall epoxied onto a conventional gold-plated, 12-pin, line. Thes rp ýoswas determined from the average of ten points
T04S style integrated circuit package and elactrical connections pri to musing the vapor o(L Base-line drift was usually negligible
were made from the SAW interdigital electrpodes by means of but wallsomeatimes significant when monitoring the small frm

ul1trasonacally welded 1-mil goidwree, After one delay line was quenicy shib obser ve from the reference delay 1Lie Because
coated with~uoropolyoL. the device waa coved and sealed by of the -weagg procedure used abow., reference delay line shifts

- a nickell-plated lid with toi, I/arira stainless steel tubea for vapor may net be exactly the seine "s the difference between the di!-
flow, fassesic fraqussa shif andt the coated delay Line frequency shifLt

if Ellectronics. The SAW sensor pockagces were plugged into Cas-Liquid Chromastographby (GLC). Fluoropolyol/gas
Microsensor Systems. I .nc, RFM-158 IA RP electronics modules. pertitmom asfficiesito were determined by. GLC using the in.
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i Table I. iog KesAw Vilue s for FluoropoIyoi

typical concn sensor, dats set std dev
range. jsg L'- A.1 A.2 A,3 1.1 0.2 A.4 min max

DMMP 29-137 6.33 6.21 6.22 6.30 6.28 6.28 0.09 0.15
N.N-iimethylacetemide 11-81 6.37 6.21 6.08 6.18 6.11 6.13 0.07 0.15
l-bufqnol 1460-8730 3.77 3.81 3.80 3.88 3.81 3.89 0.02 0.10
2-butanone 25800-148000 3.40 3.34 3.33 3.41 3.38 3.44 0.04 0.09
water 1210-7180 3.37 3.17 2.97 3.00 3.30 3.41 0.06 0.16
toluene 9680-57300 2.90 2.82 2.80 2.95 2.89 2.90 0.02 0.09
diethyl sulfide 23600-137000 2.77 2.69 2.66 2.81 - 2.72 2.81 0.02 0.05
1,2-dichloroethine 30500-176000 2.52 2.46 2.40 2.53 2.40 2.44 0.02 0.09
isooctane 22000-129000 2.15 2.12 2.03 2.25 2.08 2.10 0.05 0.22

16000 sensor A was collected another 4 months later. The tem-

10000 perature was 35 :k 2 *C. The sensor responses were deter-
i 1000 1mined from the difference frequencies observed, and the re-

goes L d, suiting log KsAw values are presented in Table L (A fluo-
'1 "ropolyol density of 1.64 g mL'- at 35 *C, interpolated from

?, on 53 0the data in the Experimental Section, was used for the cal-
*I i culations.) The last two columns in the table give the lowestI 0 5 10s o0 20 and highest standard deviations (SD) observed.

TIM (10NW7Xs) The six average log KsMw values for each vapor are generally

Flgwe 4. Response carve for two successive exposures of a nuo.- consistent. For six of the nine vapors, the difference between
ropo• tcoated SAW sensor to N,N-dar• acetasme at 100 pg L" the highest and lowest values is 0.15 log unit or less. A var-
gas phase concentation. iation of -0.075 log unit in log KsAw corresponds to *18%

strumentation and methodology in ref 34. (In this reference, the in the SAW Af. values. For comparison, the uncertainty in

Ostwald coefficient, denoted with an L, is identical with the the vapor concentrations is up to +15%. depending on the

partition coefficient defined here in eq 3.) Fluoropolyol (4% particular concentration generated (31). These results dem-
loading) was supported on acid-washed, silanized, Celite Chro- onstrate that fluoropolyol-coated SAW sensors can be fa-
mosorb G.AW.DMCS (Phase Separations Ltd.) in a 1.5 m long bricated and tested reproducibly and that the responses do
glass column. 'Absolute K values for a series of alcohols as standard not change over a period of months. Previous results with
solutes, and for water, were determined at 25 and 60 *C by using fluoropolyol on 112 MHz dual delay line SAW devices have
He as the carrier gas and a thermal conductivity detector, shown that sensor responses are similar from 1 day to 2
Corrections were made for pressure drop across the column (se months after coating and that annealing the fluoropolyol film
eq 4-6 in ref 34) and for gas imperfections (eq 7 in ref 34). at 110 'C for 1 h did not influence its performance (3). The
However, the latter were trivial. Three to seven determinations
were made on each alcohol, with standard deviations in log K of vapor/coating interactions are therefore consistent and re-
0.01 log units or less. Relative K values were then determined producible and fit the model of simple, reversible sorption.
for a variety of solutes at 25 and 60 "C, using nitrogen as the carrier As mentioned above, the difference frequency represents
gas and a flame ionization detector. Relative K values were sorption into the coating only wheai the frequency shift of the
converted to absolute K values by using the known absolute K reference delay line is small in comparison. The reference end
values of the standard solutes, exactly as described in ref 34. A coated delay lines of sensor A were mcnitored individually
complete listing of K values will appear in a subsequent publi- during dataset 4 (also the difference frequency, as usual).

S cation. Values for those vapors also used to test SAW devices These results are reported in detail in Table II. The fre-
are presented below in the results section, quency shifts are the average of four exposures at each con-

RESULTS centration. The log KsAw values determined from the coated
Under a stream cf dry air, the delay lines of the dual delay delay line are very close to those determined from the dif-

line SAW device oscillate at their base-line values, with the ference signal in nearly all cas•s, in accord with the assumption
frequency of the coated delay line being lower than that of above. Thus, a ca. 200 Hz shift on the reference delay line
the reference delay line. Expost-re to air containing a vapor is negligible compared to a 10000-20000 Hz shift on the coated
which is sorbed by the coating causes the coated delay line delay line in resp-tse to low DNMMP concentrations. However,

S frequency to shift to a lower value. Ideally, the reference delay the reference delay line is not truly inert, as shown by the
line frequency remains unchanged, and the difference fre- shifts in the last column. These shifts become significant when
quency between the two delay lines increases. This increase the shift of the coated delay line is small, e.g. 1000 Hz or less,
is taken as the sensor's response, Af.. and as a measure of as is observed for water and isooctane. In the case of water,
vapor sorption. A typical response curve for two successive the difference signal does not accurately represent the behavior
vapor exposures is shown in Figure 4. of the coated delay line. Indeed, the absolute value of the

Datesets of vapor exposures were collected by exposing the reference delay line signal is grester than the absolute value
sensors to each of nine vapors, each vapor at four concen- of the coated delay line signal at low water concentrations.

Mt trations, each concentration repeated four times. In addition. The reference delay line shifts are not monotonic with vapor
dimethyl methylphosphonate (DMMP) was repeated c. .centration. nor are the positive- shifts often observed
throughout the dataset and its reproducibility was very good. consistent with simple mass loading of the surface. These
The SAW frequency shifts for each vapor exposure were used signals most lik'ely are caused by vapor adsorption onto the

~j to calculate partition coefficients, denoted KsAw, according glass surfae. However, further interpretatini is inappropriate
to eq 10. 'lbise were converted to logarithms and the 16 because the glass em-ufsce has not been carefully characterized
values for each vapor (or ca. 100 for DMMP) were averaged and it is slightly contaminated with fluoropolyol. Vapor ad-
and their standard deviation determined, sorption onto clean quartz SAW surfaces has been examined

• Three datlsets for sensor A and two for sensor B were in detail by Martin et aL (13). The important result here is
collected over a period of 3 months. A fourth dataset for that while reference delay line effects are usually negligible,



ANALYTICAL CHEMISTRY. VOL. U'), NO. 9. MAY 1, 1938 o 873

] Table Il. Detailed Re.pon** Dat. for a Fluoropolyol-Co..,ed SAW Vapor Secoor

signal monitored

daffcreuce re.qucuLy coated daily line ro( delay line

vapor conen. ,g/L av Ht log KsAW Av Hs log KMW Av HS

2M0P 2 8967 6.52 -8882 6.51 3746 13723 6.34 - 13.589 6.33 134
] /74 16826 6.22 -16681 6.21 147

117 19334 6.08 -19152 6.07 181

N.N-diethylacetamide 17 5058 6.33 -4971 &32 102
40 3094 6.17 -7946 6.16 143

165 10330 6.07 -10143 6.05 187102 12254 5.95 -12027 5.93 218

1-butsnol 1460 1623 3.91 -1450 3.85 181
2200 2189 3.86 -1997 3.81 192
4300 4542 3.89 -4313 3.86 231
8",30 9159 3.89 -8802 3.86 359

2-butanone 25800 10894 3.49 -10556 3.47 297
38700 14324 3.45 -14497 3.43 328

74800 27332 ?.43 -26861 3.41 670
148000 49866 3.39 -47403 3.36 243831: .40 1210 591 3.56 ca. 0 638

1820 68.', 3.44 -45 2.16 638
3550 1142 3.37 -472 2.98 670
7180 1882 3.28 -1196 3.07 689

toluene 9680 951 2.86 -997 2.87 -44
14.500 1.394 2.85 -1486 2.87 -88
28400 3173 2.91 -3338 2.93 -178
57300 7726 2.99 -7261 2.96 466

diethyl sulfide 23600 2053 2.81 -1970 2.78
35400 2800 2.76 -2801 2.76 -112
68700 5933 2.80 -5979 2.80 -125

137010 14376 2.89 -12709 2.82 1675
1,2-diehloroethane 30500 928 2.35 -959 2.35 -27

"45700 1449 2.37 -1521 2.38 -78
8 o600 3547 2.48 -3931 2.50 -282

176000 8800 2.56 -8824 2.56 -74
isooctine 22000 255 1.93 -330 2.03 -77

J3100 379 1.93 -519 2.05 -146
64300 1163 2.12 -1409 2.20 -247

129000 4925 2.45 -3356 2.27 1570

they must be consideretl when the coated delay lire signals
are small. A truly inert reference would afford some advan- 3.0

tages in sensor performance and would Eimplify the inter- se

pretation of vapor sorption. z
The data in Table U also iliUatrate the dependence of log S'"000 -

Ks. W on gas phase vapor concentration. For most of the
vapors the calculated KsAw values were constant over the - ,.

concentration range reported. This corresponds to a linear as
sorption isotherm, as illustrated for 1-butanol in Figure 5. o3o .
The number .rat to each data point is the corresponding KsAw
value. A linear sorptlon isotherm represents ideal solution 0 -
behavior and is classified as type I sorption (35). The sorption , .a m oeeo io &eee -o

isotherms of DMMP and N.N-dimethylacetamide deviated coactayiow&,r o utc.

significanty from linearity, with Ks5 w values decreasing with Joe
increasing concentration. These results are illhstrated (oo
DMMP in Figure . This plot rits the form of type [I sorption .0..

(35), indicating specific. preferential vapor/ohigomer inter- 12
action at low concentrations. his interaction is likely to be - 5.31

- hydrogen bond formation between hydrogen bond donating 0.34

(HBD) hydrozyl groups on the fluoropoiyol and hydrogen eee

ji bond accepting (HBA) oxygen atoms on the vapor. [ .*S
The influence of temperature on SAW sensor responses and 1100

Ks~w values was determined by using DMMP as the test
vapor. The results at 20 big L-1 DM?4P are illustrated in

6Figure The sensor reeponamedecresae exponentially with " IO M- Is

inresing teperatur, iog KSAw vealues decreae linearly. ao,,me ,ns piterecti
Partition coefficients were also determined independently Pipes 3 Sonpdm losm i aft*.n l sew on "wopolyol.

by GLC. which is a versatile and well-established m.ethod of
l. making such measurements. These partition coefficients, ". The GLC pesls at this tenpersture were generally broad
denot Kc=. refer to the solute at infinitely dilute concen- and in com cmee gs retention volumes (and henre KCL)

otrates. Fluoropolyol - used as the stationary phase at 25 - were difficult vo determine. Therefore 26 KCo valhes were
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Beyond this qualitaive correlation, the values of log )'SAw
20 PG,•trra o"0 and log KCLC for individual vapors are not always in precise,

reement. The log KsAw values for the most strongly sorbed
vapors. DMMP and N.N-dimethylacetamide. are 1 log unit
less tha, the log KoLc values, indicating that the frequency10 shifts that would be predicted by K 0ct and eq 10 would be
10 times higher than the SAW frequency shifts actually ob-

o 0.0 served. Nevertheless the Kc, values are correct in predicting
that KsAw values for these two vapors should be very much
higher than those for all the other vapors. For the remaining
vapors the log KsAw values differ from the log KCLC values

by varying amounts. The best agreement is seen for 1-butanolIi and 2-butanone, where the log K values differ by 0.17 and 0.10
s.0 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 KsAw

___ ___ ___ _ _, __ and K=c values to vary from one another are differences in
30o o so go 70 so the gas phase vapor concentration and differences in mea-

DEGREEs cCE08GRaoE surement temperature. A third factor that may cause dif-

FI ge o. Temperatwe dependence for DMMP (20 pg L') smption ferences is the assumption in eq 10 that the SAW sensor
Into f response is based on mass effects alone; if m~echanical effects

are significant for a particular vapor/coating interaction, then
Table Ill. Comparison of log KsAw and log KcG•: Values the calculated log Ksrw value will be inaccurate.

Gas phase vapor concentration can cause differences be-
vapor log KsAwe- log Kctd cause the GLC measurement refers to conditions of .nfinite

DMMP 6.52 7.53' dilution, while the SAW measurement is necessarily carried
N.N-dimethylacetamide 6.33 7.29V out at finite vapor concentrations. If the sorption isotherm
1-butanol 3.83 3.66 is linear, as shown for 1-butanol in Figure 5, then K will be
2-butanone 3.38 3.48' independent of concentration and Ks.w and KGLC should
water 3.20 2.89 agree. However, a curved isotherm, as observed for DMMP,
toluene 2.88 2.64' will cause Ksw and K0 LC to differ. Extrapolation of the
diethyl sulfide 2.74 2.54'
1 e.2.dichloroetLh.ne 2.46 1.94' DMMP isotherm to lower concentrations shows that Ksw will
isooctane 2.12 1.22 increase, which would give better agreement with the KGLC

measurement.Values are averages of those in Table 1. except the values for The influence of increasing temperature is usually to cause
DMMP and N.V-dimethylacetamide are taken from Table II at
the lowest concentrations tested. "At 35 1C. 'At 25 "C. partition coefficients to decrease. Therefore KsAw values at
'Detarmined from values measured at 60 *C and corrected to 25 35 "C should be less than K;Lc values at 25 *C. While this
•C with eq 11. 'Estimated value using a correlstion equation, was observed for DMMP and N,N-dimethylacetamide, it was

]* not true for all the remaining vapors and cannot fully account
determined at both 25 and 60 "C. and the following cor•elation for differences between KsMw and K0ct.
was found to hold: Nevertheless, the temperature effects defined experimen-

log Kcu:(25 C) - -0.728 + 1.470 log KcLc (60 *C) tally in Figure 6 and eq 11 are worth exanining for practical

(11) reasons. The results demonstrate that precise thermostating
of a SAW sensor to fractions of a degree is clearly not critical,n - 23, SD - 0.156, r = 0.986 but variations of ten degrees may influence sensor response
and reproducibility. The form of eq 11 demonstrates that

S When retention times were too long to measure at 25 C, eq temperature effects will be largest for the most strongly sorbed

estimate the value of K0 c. at 25 *c. In one additional case, vapors. For example, DMMP sorption with log 1KLC of 7.5
diethyls ufimte .the e log KCLC wasestimat ed fr"n one crtional se at 25 0C is predicted to be 7.0 at 35 SC. a difference of 0.5 logdiethyl sulfide, the log Kotw was estimated from correlations unit. By comparison. a log K value of 3.0 at 25 "C becomes

we have constructed by use of solvatochromic parameters (see 2. at cCmpadifenc o log unit. t herefore
below). i.9 at 35 tC, a difference of only 0.i log unit. Therefore

ohe log Kulc values are reported in Table 11, along with increasing temperature reduces selectivity in addition to the

log Kstw values for comparison. The log KSAw values are sensitivity.
averages of those in Table I, except for DMMP and N.N- The temperature effect and the overall correlation in the
dimethylacetamide. In these two cases, the values reported order of KSAw and K=c values are consistent with the sorpticn
are for the lowest concentrations examined in order to be more model Accordingly, partition coefficients are a useful concept
comparable to log Kct• at infinite dilution. The vapors are for interpreting SAW sensor behavior (6.8), and a more de-

S listed in order of decreasing log KsAw. tailed consideration of the factors responsible for sorption is
warranted. Since partitioning represents dissolution of a solute

DISCUSSION vapor into the solvent stationary phase, solubility interactions
The order of decreasing log K in Table III is identical for must be relevant in determining sensor responses (5).

the SAW and GLC mcasurements. This result demonstrates The order of the partition coefficients in Table II provides
that relative retention times f6r various vapors on a GLC a simple illustration of the importance of vapor solubility
column with- given stationary phase should be a reliable properties. The lowest K values am those of isooctane. a solute
indicator of the relative sensitivities (I a similarly comted SAW that is not dipolar or polarizable and cannot form hydrogen

S declvie to them vapors. This requires, of course, that the GLC bonds. Solute that awe more polarizable, such u dichloro.
measurement and SAW sensor operation be at similar tem- etane, tolune, tand diethyl sulfide, hmv greater K values than
perature. isooctane. However, thea solutes are still incapable of hy-
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droe bonding. The top of the list. from water to t)%NIIP. of the factors governing vapor sorptio-I and the interactions
cntains exclusively those solutes that can accept. and/or occurring between specific vapors and coating aids in the
donata hydrogen bonds. design of useful coating materials.

One adiinifactor infliemncing: vnimir smirptieen in the.
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SABS`TRACT illustrated in Figure 1. The distribution can be
Squantified by a partition coefficient, K. which Ives

Surface acoustic wave devices coated with a the ratio of the concentration of the vapor in the
:. thin film of a stationary phase sense chemical vapors stationary phase, Cs. to the concentration of the

in the gas phase by detecting the mass of the vapor vapor in tl, vapor phase, Cv (equation 1).
which distributes into the stationary phase. ThisI distribution can be described by a partition Cs
coefficient. An equation is presented which allows K = - (I)
partition coefficients to be calculated from SAW Cv
vapor sensor frequency shifts, and results are
presented for nine vapors into SAW coating An equation is derived herein which allows K to be
"fluoropolyol*. Partition coefficients have also been calculated directly from observed SAW vapor ý,nsor
determined independently by GLC and the results are frequency shifts. This conversion provides a
in good agreement. The relationship between SAW standardized method of normalilin empirical SAW
frequency shifts and partition coefficients allows data, and does so in a way that provides information
SAW sensor responses to be predicted if the partition abou: the vapor/coating equilibrium.
coefficient has been measured by GLC or if it can be
estimated by various correlation methods being In this investigation, we examine the stationary
developed, phase referred to as "fluoropolyol", whose structure

is shown in Figure 2. SAW vapor sensors coated
INTRODUCTION with this soft, polymeric matnrial have high sensi-

tivity to certain toxic vapors4. Partition coefficients
Surface acoustic wave (SAW) devices have been have been determined for nine vapors using SAW

investigated by several grp?8ps for sensing chemical sensor frequency shifts. In addition, partition
vapors in the gas phase 'su. The frequency of a coefficients for the same vapors into fluoropolyol
SAW device in an oscillator circuit is measurably were determined independently by gas-li uid
altered by small changes in mass or elastic modulus chromatographic (GLC) measurements. 'we values
at the surface. Vapor sensitivity is typicaily resulting rom these two different techniques are in
achieved by coating the device surface with a thin good agreement.
film of a stationary phase which will selectively
absorb and concentrate the target vapor. Vapor These results demonstrate that the mechanism
sorption increases the mass of the surface film and a of action of a coated SAW device is the same as
shihftin the oscillator frequency is observed. SAW that of GLA- Le., reversible absorption of the vapor
devices have the potential to be adapted to a variety in the gas phase into the stationary phase. This
of gas phase analytical problems by strategic design conrumsthe solubility model for the interaction of
or selection of coating material. Full realization of vapors with the SAW coating Le., the solute vapor
this potential will require methods to quantify. dissolves and distributes into the solvent stationaryunderstandt and finally to predict the vapor/cqating phase. Finally, the orrebation between SAW vaporinteractioys responsible for vapor sorptionp sensor responses and G.C patsition coefficients

creates a means for predicting SAW sensor behavior.
rpti ambient vapor into the SAW devi Thus, if GLC partition coefficients are available from

Soating until equilibrium is reached represents a experimental measurement, or an be reliablyIparitioning of the solute vapor between the gas pedicted, then SAW vapor seorw responses can also
-phase and the stationary phase. This process is dicted.

II ..
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PARTITION COEFFICUENT3 DETERMINED
FROM SAW VAPOR SENSOR

l K FREQUENCY SHIFTS

CV SAW vapor sensors were prepared by spray
cdatiil c delay line of a dual delay lie SAW

dvcwiha dilute soluti of fluoropolyol. as has
Goa a In Gas Out beta desmInd previouslý. he fluoropolyol coating

SCv causes thefr ency of device to change by an
amowK ast whI'ch provides a measure of thelramos of boating material applied. These sensors

~wn ui71i, apingl -,, on by alternately exposing
6= 1 = thn i dmair or a calibrated vapor stream using

stationary Phasel a= anmetelrvaWo-generetion instumet decrbed
in F l9 1 . Te change in thefrqey

SAW DvIce obsermvd when the gas aver the sensor W3 nged

;caused by the vapor. For reliable measurements of

K, this shift must be determined oniy after the
Figure 1. Disuibution of vapor between gas phase sensor has reached a stable, equilibrium response
and stationary phase. 

level. ?anition coefficients were calculated from the
obsaved frequency shifts (Afv) uii& equation (3).

no iC cps €,=,These values will be referred to as SAWpanition
,-€-?-rc..-c-.--€).-€c-ocN1.C.-C.l-o. -€-c--, -- coeffitents and denoted KSAW. Each sensor was

F, 0, expod to each vapor at a muinmum of two differentno C. Cps Co- 's ., conce ntratons (usually four. som etim es seven
S ." diffarm concentrations) and at least four exposures

at each concentration. A SAW partiton coefficientFigure 2. Fuoropolyoi strcture. was lad for each vapor exposre, and these

El valueswere convened to logantm Then, all the
log KSAW values for each vapor on a particular

EQUATION RELATING SAW FREQUENCY sensorwere averaged. Finally. the results from all
SHIT O HE ARITONCOEFFICIENT seasms wer averaged and are r~eported in Table 1.

These resuts represents nearly 900 measurements ofILThe change in oscillator frqec bserved SAW frequenc shifts.
when the mass on the surface of the SAW d vice
increases can be described by equation (2).° Table L Log KSAW and Log K W Values

If - k(2) Vapors Log KSAWa L0g KGLC"
AI

DMM[P 5.77 7.53c
af is the frequency change; mn is the mass increase; Dimebactmde 5.653.9
ki and-k2 are material constants for the I-Butol 3.24 3.66
piezoelectric substrate; fo is the unperturbed 2-Butaom 3.15 3.48c
resonant frequency of the device; and A is the active Water 2.88 2.89
sensing area. It can be derived that the frequency Diethyl Sulfide 2.78 2.54d
shift (afv) caused by the mass of vapor absorbed Tolueue 2.69 264C
into the stationary phase coated on a SAW device is 1,2-Dicbloroethane 2.39 1.94c
related to the partition coefficient (K) by equation hooce 1.97 1.22

Afs Cv K a These vahies are averages from sensors described

(in (e txt#v ... ... ..... 3) b At 2%OK.

c Deerinined from values measured at 3330 K and
&fv is obtained in Hz when afs (the frequency shift conected to 2980 K with equation (4).
caused by the mass of the stationary hase applied d Estimated value using a correlation equation.
to the device) is expressed in KHz, 4,(vapqr
concentration in the -as phase) is in g lijer- . and
o (stationary phase density) is in g mL" 1 . The Three sensors were examined in this study.
principal assumption inherent in equation (3) is that One Li MHz SAW device was coated with 207 KHz
the SAW device functions as a mass sensor only. of flumpolyol and tested against vapors one week
mechanical effects being negligible.°. In addition, it later. Two 112 MHz devices were coated with 106
is assumed that nmss loading of the coating by vapor and 10 KIlz, respectively, and were tested both one

- is low, since high mass loading would cause the day and two months after coating. Reproducibility
coating density to change. was good and nging appeared to have little effect.

I . . .. . ... . . .. . .. . .
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Data from device to device showed some systematic One or more of the above factors may be responsible
variation, which could be most easily explained by for differences in the precise values of log KSAW
errurs in the measurement of the coating material and log KGWC shown in Table 1.
applied. However, the actual source of the variation
is not definitely known. The overall cotrelation observed dearly shows

that partition coefficients are a useful concept for
PARTITION COEFFICIENTS MEASURED thinking about SAW sensor behavior (see also
BY GAS-LUQUID CHROMATOGRAPHY references 3 and 7). Indeed, the calculation of

KSAW values by equation (3) provides a standardized
Partition coefficients for a ,ide vanety of method of normalizing empirical SAW data which also

solute vapors were determined by gas-liquid provides information about the magnitude of the
chromatography with fluoropolyol as the stationary vapor/coating interaction. We nave previously
r base, using methods described in reference 12. normalized our data by dividing the sensor response

artition coefficients as defined in equation (1) are the ppm of vapor in the gas phase and the KHz
actually identical to the Ostwald solubility o€oating. Normalization to yield a partition
coefficients usually denoted as L We will use the cefficient, KSAW is very similar, and requires only
sy o & and refer to GLC partition coefficients as that tpe vapor concentration be expressed in gI liter, and that the density of the stationary phase

coating be factored out, according to equation (3).GLC peaks on the fluoropolyol were generally
broad, especially at 298 0K. Therefore, 26 The experimental correlation between KGI• andSvalues were ietermined at both 2980 K and 3330 K and KSAW demonstrates that relative retention times or
the following correlation was found to bold: various vapors on a GLC column with a pvenstationary phase should be a reliable indicator of the
log KYG. (298K) - -1.728 + 1.470 log KGLC (333K) relative sensitivity of a similarly coated SAW sensor

to these vapors. This recuires, of course, that the
n - 26, sd - 0156, r - 0.986 (4) GLC measurement and SAW device operation be at

the same temperature. On a more quantitative level,
When retention times were too long to measure at if absolute KGI. values are determined, then
2980K• equation (4) and the measured value of KGI. estimates for actual SAW sensor frequency shifts canat 3330K were usedto estimate the value of KcL. be made using equation (3). Finally, a clear
at 2980 1. Equation (4) shows that thermostatt"n a relationship between SAW sensor responses and KGLC
SAW sensor to fractions of a degree is not critca values means that methods developed to predict

* However, changes of 5 to 10 de ees (e.g. due to KGLC values wiU also be useful in predicting SAW
varying ambient conditions) wi'l,,become significant, sensor responses.
especially for solutes with large KGLC. A simple examination of the order of the

Log KG and 10 KSAW values for nine solute partition coefficients determined in this study
vapors are compared in Table 1, with the vapors in illustrates the importance of solubility properties
order of decreasing log KgAW. All of the GLC (Table 1). The lowest K values are those of
values refer to 2980K, either by direct measuremert, isooctane. a solute which is not dipolar or
or via equation (4) as described above. In one dolible, and which cannot accept or donate
additional case. diethyl sufide, the log KGC.c value rogen bonds. Solutes which are more polarizable,
was estimated from various correlations we have such as dichloroethane, toluene, and diethyl sulfide
constructed using solvatochromic parameters. With have greater K values than isooctane. However,
the exception of this estimated value, the order of these solutes are still incapable of hydrogen bonding.
decreasing log K values is identical for the SAW and The top of the list contains exclusively those solutes
G.C measurements. Indeed, there is good agreement which can accept and/or donate hydrogen bonds.
between all but the highest Log K values, such that Vapor sorption is also influenced by the saturation
the SAW sensor frequency shifts could be estimated vapor pressure, P'v. of the solute vapor, with lower
using KGLC values and equation (3). Pov giving larger partition coefficients (for example.

DMMP).SDISCUSSIONIt Solubility interactions can be placed on a moreThe experimental conditions for measuring quantitative scale by the use of solvatochromic
partition coefficients with a SAW device are parameters (13). Such parameters are available for a
somewhat different than those for GLC measure- wide range of vapors which may act as solutes in a
merts. SAW measurements, for instance, are carried vapor/coating interaction. Unfortunately, similar
out at finite vapor concentrations while the GLC parameters are not yet available for a wide range of
measurement usually refers to infinite dilution. In coating materials. The challenges, therefore, are to
addition. the SAW measurements reported here were develop methods to characterize the solubility
conducted at ambient temperatures, while the GLC properties of stationary phases, and ultimately to beSmeasurements were rigorously thermostated. Finally, able to predict partition coefficients for any vapor
the calculation of KSAW assumes that the vapor with any xharacterized phase. This work is in
causes the sensor to respond based on mass effects progress, and equations of the general form shown in
alone; if mechanical effects become significant for a (5) are being used to predict log Kjr values forIII particular vapor/coating interaction. then the fluoropolyol, and for various other stationary ph~ses

-calculated KSAW will be altered proportionately, which have been useful as SAW device coatings

I i . .... . .... ..
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lotKGL - constant + s + am (10) CT. Chuang. R.M White, i. Bernstein.
+ b • + I log L16  (5) IEEE Elect. Dev. Lett., EDL,.3(6). 1982, pp

The variables wo, m, 8, d log L16 describe (11) J.W. Grate. D.S. Ballantine, Jr. and H.the solubility properties of the vapor. w • is the Wohhten. Sensors and Actuators, 11, 1987,
dipolarity/polarizability, a is the hydrogen bond pp 173-188.
donor acidity;; Iis the hydrogen bond acceptor
basicity; log L1 measures the tendency to partition (12) M.H. Abraham, P.L Grellier. and RA.
into hexadecane. Coefficients s, a, b. and I describe McGill, J. Chem. Soc. Perkin Trans. 1, in
the stationary phase. For example, b, as the press.
coeffcent for vapor a. measures the hydrogen
bond donor acidity of the stationary phase. Once (13) MJ. Kamlet and R.W. Taft, Acta. Scand.,
the coefficients have been determined for a Set. B, B39, 1985, pp 611-628, and
particular stationary phase, then it will be possible references therein.
to predict K valufs for all vapors for which w.

a, and log L are known. Then. via equation
(3), it will be possible to predict the responses of a
SAW vapor sensor to these same vapors.

Finally, specific vapor/coating interactions may
sometimes 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 possble 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

U, regulated by a 4-200 ml/min air mass flow controller (FC200). The bubblers

themselves are constructed of 6¾/ inch lengths of 2 inco O.D. stainless steel

pipe, with 1/8 inch thick stainless steel discs (2 inch diameter) welded to|Ii the ends. The top end of each has 1/8 inch stainless steel tubing welded into
-inlet and outlet holes. The inlet tube extends to 112 inch from the bottom

It 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 ra-ducing 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 paralleO 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 mllmin mass flow controllers. This gas proceeds to the sensor output
at F via points C, D and E. Clean carrier gas is used to output .Lean air, or it
is mixed with a vapor stream at point D to output a diMuted 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. These 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 vales depicted in Fig. 2

*Some commercial permeation tubes come equipped with tie fittings and can be

"incorporated into the system by means of a simple T junction.

ii
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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, particularl. 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 manipulation1< 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 3) and high concentration interference vapors derived from

SI bubblers (typically 100- 100 000 mg/m 3) are easily prepared. The gas streamS... .output of the instrument can be switched (under computer control) between
the generated vapor stream and clean air so that the zero drift and

* Ireversibility of the sensor can be readily observed. Finally, the flow rate of
the gas being output to the sensor is regulated to a constant value, 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

Ii 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 rf a complete
chemical vapor sensor research and development program.

11 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

If 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 1;O board collects data
from ai frequency counter, which measures signals from surface acoustic
wave (SAW) sensors [3, 4]. This particular 1/0 board-adds great versatility

SM*Alternatively. sensor data can be collected by a second microcomputer in
communication with the first. This configuration is preferred when data must be coli
le.-ted from multiple 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 15])

3! can be collected using the analog to digital I/O board. This board is also used
to monito" carrier gas and vapor stream flow rates. Automated control of the
vapor flow system is achieved using a digital I/O board, which commands
sclenoid valves open or closed, and a digital to analog I/0 board, which

• commands mass flow controllers to deliver precise flow rates of carrier gas.

Vapor flow system
The vapor flow system is contained in three 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.

*I 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 particukr 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

I... ... . ... .
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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 ised 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 cir.,le valves. For example, the bubbler

box contains a pair of bypass valves depicted by solid circles. The associatedN logic circuit has eight inputs, one for each 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 nn 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 inverted 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 isswitched 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 0-ring materials to swell, which can impair
valve function.
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Ii flow sensor 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 control signal to a FC500 commands a
30C mi/min flow rate. Control signals are generated by the digital to analog
I/O board in the microcomputer at the command of an operator at the key.

Im board or by software. The mass flow controllers also generate a 0 - 5 V
N I 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 meterIi (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 I/O board). 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 open 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 thei .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

* i 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 val.or stream to determine its
response. Finally, the sensor is observed under clean air again to determine
its -recovery. Usually this cycle 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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1 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
1. Update vapor source mass flow rates.
2. Calculate menus of concentration choices for each vapor.
3. User selects vapor tconcentrations to be geraeated.
4. Text file stored on disk for each selection.

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, output clean air, then vapor, then air.
5. Store data on dbk.146. 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.

•I The first 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 combined2 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 exposod to them.

Once the user has completed his selections, the program oegins storing
text files on disk. Each of these text fes 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 toe vapor flow system
output is switched between clean air and vapor.3I, After the user has selected vapors and concentrations and stored text

- files on disk using program 1, sensor testing can proceed using program 2.

I!j
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This program operates the instrument and performs the experiments (Le.,
3 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 .,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 interva!r. The results are displayed
graphically on the computer monitor. At the completion ef the experiment,
the test conditions and the sensor response data are stored on disk, the
graphics are dumped to t' -- ter, and the next text file is read from disk.
If the next vapor is differe" , Lrom that of the previous exr,'riment, 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 ahA different concentration, then the flow rates are adjusted for the ne% 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.

III 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 generazion. 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 B2'l and exits to vent via the slave valve on junction B. This configuration is
maintained for at least twenty minutes to equiibibate 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 read. TheIi bubbler (or other vapor source) is not closed again until a subsequent text
file that requires a different vapor is read.

(2) Set up dilution and output clean air. Most of the time the outnut
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 Li 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

V. 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 reductionIjI 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 undilited 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 rave34 iof 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.

If 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

Ni} 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 FC500 farthest from C is switched o4 (to vent) by closing its

S I~ master solenoid valve. The flow rate arriving at E is tU 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..an air
output, the solenoid valves are simply returned to their config;.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 air1:1 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
I ! during the c-ur.e of an experiment.
1s

lF Ii
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1 (5) 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 toI Iprovide 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
va)or 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:

3; vapor mass flow rate
, concentration =total volumetric flow rate (1)

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 into a charcoal
filter to trap the vapor quantitatively, and measuring the mass increase
of the trap. This piocedure was carried out with the bzIbblers installed in the

instrument at ambient temperatures with a carrier gas flow rate of 39
ml/min. Mass flow rates were stable 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

t=to 11% 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 FCS00 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 menus31 of concentration choices for each vapor. Each choice represents a particular
procedure for diluting the vapor stream, which was designed to accomplish

-i 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

• of procedures was developed 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 of 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 stream and least (1%) at
maximum dilution. The uncertainty in the output vapor concentration
calculated according to eqn. (1) is 'he sum of the mass flow 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 choice3

Menu Flow controller flow rates Total volumetric Fractional
choice # (ml/min) flow ratea concentrationb

FC200c FC500 FC500 (ml/min)

1 39 ±2 0 d 0 39 ± 5.1% 1.000
2 48±2 0 0 48 ± 4.1% 0.805
4 77±2 0 0 77±2.6% 0.509
8 195±2 0 0 195 ±1.0% 0.200

12 200±2 254±5 0 454±1.5% 0.086
16 200 ±2 500 ± 5 500 ± 5 1200 ±1.0% 0.0 Z3

'The 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 ml/min of carrier gas.
CFC200 in the permeation tube box. Flow from the FC200 in the bubbler box is notI used to dilute permeation tube vapors.
dZeros indicate 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 ml/min of ca:-rier 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 I - 7% uncertainties
in volumetric flow rates gives concentrations (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
itself 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 widl 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 ml/min to the 39 ml/lrin of carrier gas of an undiluted vapor

*i .
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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

;•44• 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 mi/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 switched2) 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 flow 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.

3) 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

I __._
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Ii' conveniently. Extended sequences of tests involving target vapors at low con-
centrations, potential interferents at high concentrations and mixtures of
two vapors, can be automaticaa]y 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 pattern recognition techniques is a readily manageableI a task. A matrix of surface acoustic wave sensor data, which was collected
with this instrument and analyzed by pattern 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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-i !. 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

*! J over 1,000,000. Remarkably, the pulse width modulation approach permits
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

I' 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 isI i liquid at room temperature. The range of concentrations available from
bubblers depends, of coijrs6, on the saturated vapor pressures of the

I g liquids of interest, but most often they are typically quite high (e.g.

Ii'
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Si 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,
so that in the event of electronic failure or power loss the system

automatically turns off all vapor sources and purges itself with clean
*I 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.

I Operator interactions with the VG-7000 are conducted through an Apple
1 Macintosh4 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 operating system that utilizes many of the
Macintosh graphics and editing features. Complex experiments may be set

Iii up for the VG-7000 that can be carried out completely under computer
control for periods up to several days. The only Investigator intsrventfon

* prequired 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.

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

1 data acquisition equipment.

B. VG-7000 System Oroanization.

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 module; and (4) the gas cylinder module. A
complete system will contain one dilution module, one electronics module,

ij up to three vapor generating modules (either bubbler or gas cylhnder
modules), and an Apple Macintosh'm 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
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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. All of theze components, except for the Apple Macintosh~m
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 TeflonTm transfer containers. This method provides
reasonably saturated solutions in a single stage of contact (90% 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 sourceIi =vapor is then transported through the process lines to the dilution module.
Each Bubbler Module includes Teflonm( transfer containers for four liquids.
The four transfer containers are housed ini a water cooied aluminum heat
sink to maintain the materials at a constant temperature during the

i evaporation process. The flow of carrier gas to each transfer container is
controlled by a series of Teflon'm solenoid valves that direct the carrier
gas to the container holding the desired material. The transfer lines

Ii 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
• U• 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
and is matched with the flow rates used throughout the system.

It is necessary to periodically check the tightness of the fittings and top1 of the transfer containers. This is done to avoid leaks which can occur
with TeflonTm due to cold flow. It is also necessary to check the transfer

- lines and filters on the bubbler modules to inspect for condensation and
A liquid accumulation. If liquid is present this indicates a problem with the

operation of the bubbler modules and requires further investigation.

I -



i 9

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

Sair rather than pure gases to give accurate flow control. Pure conpressed
gases cannot be used since the electronic mass flow controllers are3 l calibrated for air. The gas inputs are through bulkhead 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 moduleand the vapor
generating (bubbler) modules. The outlet from this module connects to the

I ~ dilution module. During default conditions or when this module 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 MacintoshTm host computer over a

j , 9600 baud serial RS-232C communications line (8 data bits, no parity, 2
stop bits). The VG-7000 microcomputer requests information from the
MacintoshTm 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

Svapor generator. Each solenoid valve in the system is energized with 115
VAC supplied from an optically isolated solid state relay controlled by the
microcomputer. 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 inf.ormation useful for
synchronization of external sensor data acquisition equipment. This signal
is the same as that used to control the final solenoid valve that selects
whether the vapor stream or clean carrier gas is being supplied to the
sensors. Four 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).

]
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materials into the transfer containers rather than liquid samples.
Permneation 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

I accurate concentration levels below 1.0 mglm3. This system was
designed so that the transfer containers would operate using either liquid

Iji samples or permeation tubes.

This system allows for the production of binary and ternary mixtures by
i* 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 95% 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

Ii~ concentration limits based on the volume percent as deoscribed above. The
available concentrations of the mixtures- depend on the particular vapors

I* being used.

I j
|I

!
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D. Ooeratina 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 mode is done using a screen menu on the Apple MacintoshTM.
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 MacintoshTm, 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 mode 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

I1 changes have been made to the hardware or vapors. Selection of this mode4 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 hooked up for use, the vaporsl provided by each transfer container and gas cylinder and their volumetric
flowrate, carrrier gas flow rate, system temperature, and default
parameters for the experiments. Each of these parameters is described in

I. more detail below.

I • 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 module or a gas cylinder module. Therseore, the number of vapor
transfer containers available is either 4, 8, or 12 for tho use of 1, 2, or 3

I ~bubbler modules respectively. The value input into the computer is
it t 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 aI specific location and set of operating valves. It is important to refer to
the correct transfer container or gas cylinder location when identifying

I 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 to be used in
order for the system to operate. It may be necessary or desirable 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

1 • left blank.

Ij External gas cylinders. As mentioned above, the system was
designed for up to 12 input channels. This allows for a maximum of 12Y 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, cr 3 gas
cylinder modules respectively. Note that pure compressed gases cannot

I Ibe used as a vapor source since the electronic mass flow controllers are
calibrated for air. Calibrated gas sources containing low concentrationsIi (e.g. less than 1000 ppm) of a gas in air can be used as a vapor source
however.

I nust Calibrated mass flow rate. The mass flow rate for each material
must be determined for each carrier gas flow rate and system temperatureI iused. 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/m 3 . The system display shows
concentration in mg/m 3 .

Ii

Carrier gas flow rate. The carrier gas flow rate is the value which
] wiI be set using the mass flow controllers. 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

I efficiently in the this range of flow throughput. The total carrier gas flow
requirement is approximately seven times thi flow rate of each mass flow

ti
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I
controller. If this value is set to 100 cWmin 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 bubbler modules. This is
the temperature at which the materials being evaporated are exposed to.

II| 1 This is not adjustable unless an external (user supplied) refrigeration unit
is used to circulate cooling fluid through the transfer container heat sink.

I, 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

I jihave been completed I: the system definition these values will remain in a
I data file until further changes are required.

I• • 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

I the vapor being produced and the system.

On Period. The on period is the time during which the VG-7000
I outputs vapor to be used.

* Off Period. The off period is the time during which the VG-7000
li *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 edit an
existing experiment schedule. The created schedules are saved on the

1 W"VGDATADISK". Additional data disks can bo used if needed to save
numerous experiment schedules. The information -eeded 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.

Ii
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period, cycle time, and number of cycles at each concentration. Each of
J these variables is described in further detail below.

1 • 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 separate5. -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
- Ivalves to generate the desired vapors.

1 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
-U vapors being tested. The input for this parameter is in a number of ten

second cycles between I and 999. The recommended system requirement
is for a minimum of thirty minutes (180 cycles) before each exposure.

*-" 1This 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 involves 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 time3 • interval which depends on the mixing chamber volume 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
i exposure period and a baseline period. These two parts are referred to as

•I 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 theI. ,

I ~
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vapor generating system. The baseline period (off period) is the time
j 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

II h period of 6 would last for 60 seconds (1 minute) and a baseline period of 3
'1 would last for 30 seconds.

3 * Number of cycles. The number of times the system goes through a
cycle (exposure period plus baseline period) can be set to any value

I Jbetween 1 and 999. This number will determine the length of the total
exposure time for each concentration.

2 Vapor concentration. The desired concentration(s) for the single
component, binary and ternary mixtures must be specified to the computer.

311 i! The MacintoshTu calculates the upper and lower conceniration limits for
each material based on the calibrated mass flow rate data provided to the

jsystem definition, and available dilution ratios. These limits are4 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

3I the input value and request a new value. The actual target concentration
generated by the system may be slightly different from that requested by

3 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

i component, the values available for the second component are limited due
to the available mixture ratio. For ternary mixtures there are three sets

3 of concentration ranges, one for each component. These values are also
1: restricted by the available combiantions of vapors selected.

5 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
I ppears on the MacintoshTm which contains a *button" corresponding to each

of the vaives or valve pair. When one of these buttons is selected using

Ut
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the mouse, the corresponding valve is activated on the VG-7000. Carrier
Sgas 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

I • for each valve is done by both looking for the indicator light to turn 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. If3l 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

* ,i screen.

4. System Calibrate Mode.
* 11 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
S, 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 oer meter cubed (mg/rn3 ). There is a set of
instructions shown on the Macintosh'u 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 saturatedIi 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

I ~ 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

I1'1 the computer memory for these conditions.

I
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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 ¢f 100cc/min, a ten minute cycleU' time would allow I 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 Operate Mode.
When this mode of operation is selected, the only computer input required

*j is to select which experiment schedule input is the one to be used. The
I 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
I ~ Macintosh•. During the operate mode, a time log feature can be selected

which will produce a printout that indicates which vapors and
, concentrations were 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 entireI experiment schedule, but is limited to only one.vapor.

7. Exit Vapor Generator
This option is selected to exit the vapor generator program.

Ii

I ,)

I ;l
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11. SYSTEM HARDWARE DESCRIPTIONS.

* This section of the document describes the four modules of the system and
i, the function of each. These four modules are the dilution modulo, vapor

generating module, gas cylinder module, and electronics module.

A. Dilution Module.

I 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.

Ii 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.

1 2. Selector Valves.
The selector valves control the process of mixing two or three vapors1 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.

I 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 theii blending chambor. 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



21

in order to maintain high levels of accuracy. The mixing chambers areaidenticnl to the blending chamber described above.

4. Dilution Valves.I iThe dilution valves are responsible for switching the vapor and carrier gas
flow paths. The mixing of the vapor stream and carrier gas produces the

i required dilution ratio. This is accomplished by the dilution valves which
* operate as a pair and alternate 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 Flow Controller.
Elecironic mass iow 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 them temperature measured before and after heating. Temperature difference is
related to mass flow and to gas thermal conductivity. The controller has

Ian observed repeatability of about L 0.5% and can control flow rates from
6.0 to 300.0 scom 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 productkin 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 3tream 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.

I,

Iii

Ii;
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8, Bubbler Module.

* The bubbler module is used to produce the highly saturated vapors required
*by this system. Two of these modules are included in the automatic 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 micrcn TeflonTH filter system to prevent the carryover of aerosols
into the system piping which could cause contamination with the other
vapors being produced. Periodically insoect the transfer containers for
tightness to, prevent loakage due to cold flow of the TeflonTm. TeflonTm
tape is used to help maintain a good seal on the transfer containers. When
filling or changing the material in the transfer containers beware of
reactive or hazardous materials which may be present in the containers.

I2. 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

3,centigrade 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 cylinder
modules to keep all of the system flow rates the same.

Ij_____________
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I
4. Bypass Valve.

J 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.

I 5. Check Valve.
A check valve is located at the inlet to each bubbler module. This is done
to prevent reverse flow through the bubbler module in case of
overpressure 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.

i 6. Teflonm Filters.

Each trinsfer container is followed by a 20 micron Teflonmi filter to
E prevent aerosols from being carried to the dilution module. If liquid is

present outside ot the temperature controlled transfer containers it will
evaporate at a different temperature and this will cause error in the mass
flow rate calculations.

I.

I|; -
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C.- Gas Cylinder Module,

I; 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 automatic

Svapor generating system. This feature allows the use of calibrated gases
or standard compressed gases for use with vapor testing. The bottled
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

I; I optimum ot 20 psig. The lower pressure is required to prevent damage to
I the mass flow controller and the selector valves located downstream from

the connectors.

1. Selector Valves.
There are four selector valves loccted on this level of the vapor generating
system. Each valve in used to select one of the four bottled gas inputs and

lI allows this gas to flow to the mass flow controller. The default condition
ij 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
11 ~ 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
Ii1 stated above.

2. Mass Flow Controller.I There is one electronic masa 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.

Ii:

*1
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D. Materials Of Construction,

Tef Ion.
Teflon is used for the piping and components of the entire vapor generating
system. In the vapor generating modules especially there are high
concentrations of vapors present at all times and teflon is used because of
its high degree of inertness with the materials expected to be used in this
system.

I

I-
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II!. OPERATING SYSTEM SOFTWARE.

1. SYSTEM REQUIREMENTS

HARDWARE:

The following pieces of hardware are requirod to operate the VG-7000
automatic vapor generating system.

1. A MacintoshT' computer with 2 disk drives and at least 512K of
memory. (with keyboard and mouse available)

I 2. A cable for the RS232C serial port of the MacintoshTM to connect to
the VG-7000 electronics module.

(Optional: An Imagewriter"m printer with appropriate cables to connectU to the MacintoshTM computer.)

SOFTWARE:

The only software required to operate the VG-7000 system is a current
b• version of the VG-7000 system disk and a data disk to store the

p] 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.
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2. THEORY OF OPERATION

The MacintoshTm 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
MacintoshTM "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 inval!d 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 Definition Mode

The VG-7000 has the capability of producing vapors from twelve vapor
sources in three banks, consisting of bubbler modules, gas cylinder

S 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.

The System Definition Mode is strictly data-entry. with no calculations
being done by the program. The program will accept almost any data, with
the exception of those exceeding system limitations.

j
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I
There are six groups of data that must be entered in this mode.
They are:

"1 "1) '# of Transfer Containers", with a value of 0, 4, 8, or 12
2) `# of Gas Cylindersn, same as above, with combined total not to

exceede 12.
3) 'Carrier Gas Flow Rate', obtained by measuring flow rate at

'Vapor Output' point
-j. 4) 'System Temperature.', this temperature corresponds to the

temperature of the temperature control block(s) on the
bubbler module.

S5) "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:

|J a) Equilibration Period.
b) Exposure Period
c) Off Period
d) Number of Exposure Cycles [For limits and explanations see

I 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
ii romaterials in mg/m 3, should be determined by running the System

'I Calibration mode.

LAll 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) button. , window will then ask for confermation, and if
acknowleged will save tie 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.

!1
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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.

1) When setting the number of transfer containers and gas cylinders, the
total number must be 4, 8, or 12. Any defined container or cylinder
that is not used should have 'EMPTY" entered in the description edit
for that material.

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. Rofer to Appendix B for a sample of the screen display.

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 MacintoshT' 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.

Ati well as acting as a data entry mode, the program also calculates valve
duty cycles for the VG-7000 and mixture ratios for the vapors so there is
some delay experienced when entering values.
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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 Default being 'VGData'. If 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 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 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

A• 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) "Equilbnum 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.

ii) *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 will



31

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]

II button will also jump to the 'vapor #1' edit field. If 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 tne System Default values are changed
after the experiment schedule has been saved, when the experiment

lI 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 <RETURN> is pressed, the program
cdisplays 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
same source bank, the computer will beep and will expect a new
number to be entered.

4) mConcentration." This is the concentration in mg/m 3 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

I| .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, Vapor 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

Ii.
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Experiment Schedule is large, this may take some time to happen. The new
SI vapor will initially have the same parameters as the last vapor displayed.

If you press the [DELETE] button, the vapor shown will be deleted, withI i all vapors after renamed. (ie Vapor 3 to 2, 4 to 3, 5 to 4, ect.)

SI 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, prers the [PRINT]
I J button, making sure the printer is on-line.

To quit the Experiment Schedule Mode without saving the Schedule, press
Ithe [CANCEL] button.

c) System Check Mode

This mode is a self diagnosis to check for mechanical problems with the
VG-7000 hardware. The program will display a simulation of the display
panel of the L.quipment 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.

OPERATION:

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 MacintoshTm and the VG-7000.

When using the System Check -node, be sure that thq carrier gas is off or
disconnected to avoid the possiblity of generation unknown vapor

Smixtures.

I To leave the System Check Mode, pre.ss the [RETURN] button.

~j I
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d) 5,ostem Calibration Mode

YEUE, IvE*
This mode will allow you to oltain a saturated concentration value for the
Materials in the Transfer Containers and the Gas Cylinders.
Refer to Appendix B for a sample of the screen display.

SI There are four data values needed for the System Calibration. They are:

1) "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
comouter will beep.

2) *Sampling Period." Time of Exposure Period. A 1 to 999 ten
second interval.

I .3) 'Sorbent Tube Beginning Weight (mg.)." The pre-exposure sorbent
tube weight is entered here.

4) '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:

Awt. 1
X --- MFR

CaI.Tm x CFR Dil.
With A wt. - change in Weight(mg.) of Sorbent Tube

Cal.Tm - Calibration Time (min.)
CFR - Carrier Gas Flow Rate (literstmin.)
Dil. - Dilution Factor (50%)
MFR - Mass Flow Rate (mg./m3)

After the new MFR is calculated, it is displayed and can be saved
I in the System Definition Table by pressing the [SAVE] button.

After the Gas Number and Sampling Period values have been entered, toI start the Calibration, press the [CALIBRATE] button.
A window will then ask you to press the reset -button on the vapor

Sgenerator. If there is no change when the reset button is pressed, check
that the power on the VG-7000 is on andthe connections between theI -



]
34

Macintoshr' and the VG-7000. Weigh the sorbent tube prior to vaporI calibration and input this information into the appropriate blank.

The VG-7000 will then begin a warm up cycle. The time'of the warm2 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

Ime 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. If this value is correct
press the [SAVE] button to save the information.

I To halt the System Calibration, press the [RESET] button.

! ][ To leave the System Calibration Mode, press the [CANCEL] button.

e) SYSTEM OPERATE MODE

, 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 completion.
Refer to Appendix B for a sample of the screen display.

When you enter the System Operate Mode, a window will display the
Experiment Schedules currently on File on the disk in drive 1. Since this3 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

3 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

II the [CANCEL] button. When you have selected a file, you will then go to
the System Operate Mode screen.

'I To start the Experiment, press the [START] button. A window will then
ask you to press the reset button on the vabor generator. If there is no
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change when the reset button is pressed, check that the power on the
I VG-7000 is on and the connections between the Macintosh"1 and the! VG-7000.

It The program will then send the data for vapor number1 to the VG-7000.
After the data is sent, the program will display a count-down timer

SI I showing time left for the System Warm Up and System Running period.

If you wish to Pause between Concentration runs, press the [PAUSE]
Il !j 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

,f experiment, press the [CONTINUE] button.

3IjI 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

I this, press the [CONTINUE] button.

If you press the [CANCEL] button, any experiment running will immediatly
stop and you will return to the Main Menu.

I,

I;

|I:
Ij

Ij

Ii
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I4. STARTING THE SYSTEM

To start the system all that is required is to turn on the MacintoshTm
computer, and insert the two disks included with the computerI startup disks. The two disks necessary to operate the VG-7000
system are (1) VG-7000 SYSTEM DISK "VG7000" and (2) VG-7000
DATA DISK "VGDATADISK*. Once the disks are inserted to computerI automatically loads the system operating program and associated
files. The screen will display the system operating menu when

•I initialization is complete.

I j

I"l
Iii

ili

I)!
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!

5. ERROR MESSAGES

i For all error messages, refer to the iVlicrosoft® Basis Interpreter
manual, Appendix B.

!

I
I
"I

I

I
I
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IV. VG-7000 OPERATION

1. Setting U1 the Hardware

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

Ii 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.Ii

"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 hood should be kept small. Use the shortest length (e.g.
less than 10 ft.) of the largest diameter (e.g. 1/4" I.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 i vent gases if toxic materials are used in

this vapor generator.)

6. Connect the VG-7000 Power cord to a grounded receptacle supplying
115 Volts AC at 60 Hz. (The system requires less than 3 amps)

Ii
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2 Loading Liquids into the Bubbler Module

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
reauired is to disconnect the teflon tubing on the rear of the bubbler
module, disconnect the control 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 Mnore
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 insrection
schedule can be adjusted as appropriate for each container.

1. Disconnect the teflon tubing at the connectors at the rear of the
JubbJer 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 Pull 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 to Enter The Transfer Lines

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.

S"

I I 1 I I I I I I I I l I | | ' . . .
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APPENDIX A.

Sample Experiment Schedule

i.

J 7



I ~~PAGE :JL...

EXPEI1MENT SCHEDULE : VGDATAD!SK:ExPS8-Q4-25A.VG2
DATE CREATED :0-26-L988 Todays Date : 04-;26-198
LAST UPDATE : 04-26t98 Time : 14:06:19

Number of Vapors : 4/
Approximate Experiment Duration a.

VAPOR NUMBER : I
GAS I : _: AMMONIA

Equilibrium Pd. : 18
Exposure Pd. : 30 - System Default
Off Pd. : 30 - System Default
No. -xposure Cycles : 10 - System Default

Concentration Gas I :
Duty Cycles -- MIXTURE : 100 a

DILUTION : 98 100 100

VAPOR NUMBER-: -.-_
GAS I :
GAS 2 : GAS 6

Equilibrium Pd. : 18
Exposure Pd. : 30 - System Default
Off Pd. : 30 - System DefaultNo. Expooure Cycles : 10 - System Default

Cnetaina1-----
Concentration Gas 2 : ,SConcentration Gas 2 : 50E0

Duty Cycles -- MIXIURE : 50 50 0
DILUTION : _= io 10

VAPOR NUMBER
GAS 1 : GAS 3
GAS 2 : : GAS it

Equilibrium Pd. :
Exposure Pd_. : 30 - System Default_Off Pd. : 30 - System Default

No. Exposure Cycles : 10 -'System Default

Concentration Gas I : -148E0
Concentration Gas 2 :
Duty Cycles -- MIXTURE : 55 0 45

DILUTION : 3 3
--------------------

VAPOR NUMBER : I.-
---- --------------- --
Concentration Gas I : 1,3EQ0
Concentration Gas 2 :
Duty Cycles -- MIXTURE : 55 0 45

DILUTION : 7 6

I.
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I

I

/ APPENDIX B.

! Sample System Operation Screens



r cs File Edit

_qUsiztm .flnp-ratp Mad0-

EXP. SCHED. NAME - VGDATADISK -Exp88-04-26A.VG2
DATE CREATED - 04-26-1988 DATE: 04-25-1988

LAST UPDATE - 04-26-1988 I TIME: 11:24:18

EXP. DURATION - 6.51 hrs. 0- TIM~E LOG

VAPOR I OF 3 
0 ST A T U L

VAPOR _ 1 AMMONIA m
CONC. # 1 1[31 ITm g/m3 TIME REMAINING

START

PfJUSE

RESET'..

0ANCE

_ _ _ _ _ _ _ _ _ _ _ i r l I I i i ii ii i iil iH i 0,,

I I I I L I I ] I I I I i 1 I I I I I l



File Edit
Autmatic EVapor SYSTEMS. iNC. i

Automaic, Vapor Generating System

SELECT OPERATING MODE

SYSTEM DEFINITION

EX.ER IMENT SCHEDULE

SYSTEM CHECK
SSY'STEM CnLleBeTE."'

SYSTEM OPERATE

EHIT VAPOR GENERATOR

1

I



r 4 File Edit k

S_;stpm Definition lndpe Date Crratd.: 04-25- 1983

of Transfer Saturated Carrier Cas Mwo Rate

Containers Material Conc. (mg/m3) (cc/min) (0 to 300)

GAS' 1 -GAS1 100 1001
GAS 2 GAS 2 100 Ssem Temp. CC)I GAS- 3 GAS3 100 15
GAS 4 GAS 4 100 IS~Sajstem Defalts
GAS' 5 GAS5 100 10 So. int. (I_
GAS 6 GAS 6 100 Eqn Pd. 1SO
GAS 7 GAS 7 fO0, lxpd. 30

OffPd. 30
- GAS 8 GAS 8 No. Exp.C100s 10

of Gas
Cylnders F4 Material Conc. (mg/m3) • ACCEPT .I GAS' I GAS 9 100II GAS' 2 GAS 10 100_____
GAS 3 GAS I 1 120 .

-. ~<*PRINTGAS 4 GAS 12 100 M -.,

If!

II /

I i "j
'i
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r.-pspimsFjT hIKIrnut-r mang

Create New EHp. File

Edit Eiiisting E~p. File

CANCEL



I r • 6 File Edit ]

EXPERIMENT SCHEDULE MODE

EXP. SCHED. NAME - YGDATADISK xp88-04-26A.VG2 .. ...

DATE CREATED - 04-26-1989
LAST UPDATE - 04-26-1988
EXP. DURATION - 6.51 hr!;. -m,'

Exposwe Values
EXPERIMENT EXPOSURE 3 OF 3 [0 IOH flIU11n 10 see. ht.C1-999)

EVI lPd. 1 0 2
OSINGLE @)BINRRY 0 QEP.NflHI ixpPd. 30 30

I Off Pdl. 30 :301

VAPOR 1 3 -GAS3 No. Exp.Cycles 10 10

CONC. 'I 1.48E-03 C 4.OO1E-05 - 9.500E+01) PREV

VAPOR 8 2 11 GAS 11 ..
INSERT

CONC. 02 1.46E-03 ( 9.474E-05 - 3.420E-02 ......DELETE

EDIT
AiDD

i~~~~~~~i~~~ ... ....• ..... ..... . ... .. . ... . ..-.

I

I



1 File Edit k

0 Hodule 1 Mo Ndule 2 0 Module 3

lSage I fl Stage 2 fl Stage 3 0aOut

~~1 1 0- Iil ID

, 0#2. o3 .#4 RETURN

o 0#Io2 io I #4

B io 10 I #2 #3 I I#4

WARNING, DISCONNECT CARRIER GAS DURRING SYSTEM CHECK.

II
It
II

Ij*

Ill



wr File Edit k
S g ntpm C alibrr ite M odeD4

Gas 1-12]J GAS 2 1DATE: 04-26-" 1988
1TInE: 11:22:25

Sampling Pd. 11-999] 2
10 See. Interval

Carrier Flov Rate (cc/min): 105 0 S.....
,ll •sr ATUS,

* Sorbent Tube Vt.(mq) :BEGIN 1.2
END 11579

MASS FLOV RATE: OLD - 100 TIME REMAINING
(mq/m3) NEV - 99.42857 

L =

INSTRUCTIONS 0 . . = 11 0
Step 1. WEIGH a SORBENT TUBE. ,TART
Step 2. Connect to VG-?O00 YAPOR OUTPUT.
Step 3. Select GAS 0 and SAMPLING PERIOD.
Step 4. START Calibration Mode.
Step 5. WEIGH SORBENT TUBE.
Step 6. Enter BEGIN & END WVEIGiT.

Step 7. SAVE New MASS FLOW RATE. (If correct.)
iii_ _ _ _ _II _ _ __I_ __Iii_ _III _ _ _ __I_ _II II 0 0I

I,

Ii

|1
Ij -
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VG-7000 AUJTOMIATIC VAPOR GENERATION SYSTEMI
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APPENDIX D.

Connector Cable Pin Assignments



DILUTION MODULE CONNECTOR
PIN ASS16NMENTS

VIWALV 03VLE- G W

VALWt 07VLV *3OA

VALW 5 V RETURN

VLE*V ALVE AL3 VALVE 03VAVE0

FlOW COUTRSI 1 ~~ S VALVE .5C P6I n wcavm waw* mns

uSIGAL SIGNAL

*/.esvmumu -Issv
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APPENDIX E.

Time Log Sample Printout

I



PACE I
VG-7000 VAPOR GEN4ERATOR SYSTEi OPERATE TIME LOG
EXPERIHMET SCHEDULE : HARD DISK:SAS COHP:ExP88-04-24A.VG2
DATE CREATED : 04-24-1988 Run Date : 04-24-1988
LAST UPDATE : 04-24-1988 Time : 22:35:14

Number of Vapors : 5
ApprOximate Experiment Duration : 25260

GAS : 2 :GAS 2
GAS 2 : 0: GAS 2
GAS 3 : 0: GAS. 2
Equilibrium Pd. : 120
Exposure Pd. : 30
Off Pd. : 30
No. Exposure Cycles : 10

VAPOR NUMBER I
Concentr.,tion Gas I : 5.30E+01
Concentration.Gas 2 : O.OOE+O0
Concentration Gas 3 : O.OOE+00
Duty Cycles : 100 0 0 53 100 100

SYSTEM WARMUP BEGIN-> 04-24-1988, 22:35:33

SYSTEM OPERATE BEGIN -> 04-24-1988, 22:55:33

CYCLE No.: I ON :22:55:33 OFF :23:00:33
CYCLE No.: 2 ON :23:05:33 OFF :23:10:33
CYCLE No.: 3 ON :23:15:33 OFF :23:20:33
CYCLE No.: 4 ON :23:25:33 OFF :23:30:33
CYCLE No.: 5 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.: 9 ON :00:15:33 OFF :00:20:33
CYCLE No.: 10 ON :00:25:33 OFF :00:30:33

GAS : 7 :GAS 3
GAS 2 : 3: GAS•3
GAS 3 : 0 : GAS 3
Equilibrium Pd. : 120
Exposure Pd. : 30
Off Pd. : 30
No. Exposure Cycles : 10

VAPOR NUMBER 2

Concentration Gas I : 5.31E+01
Concentration Gas 2 : 2.39E+01
Concentration Gas 3 : 0.00E+00
nuty Cycles : 31 69 0 77 100 100

SYSTEM WARMUP BEGIN -> 04-25-1988, 00:35:46


