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s Introduction

[ U
t ¢ Since the advent of lasers in the early 1968'd,

33' conslderable research has been conducted toward thelr use |in
O

) Ui

;ﬁs a vast variety of analytical 1instrumentation. The
TN

o+

extraordinary properties of laser 1ight (compared to other
! light sources) - namely high power, ease in focusing, high
coherence, monochromaticity and high degree of polarization

purity (1) have all been capltalized wupon in instrumental

%;5 design. Analytical chemistry instrumentatlion often features
?3 the laser as a probe bean. That 1s, a cell containing
‘f? chenlical specles is probed by the laser beam and,
‘Sé information about changes occurring 1In the chemical system
fé within the cell are encoded in the beam from which pertinent
{%. chemical and physical Iinformation 1ls extracted after beam
Eiz detection. The trend has generally been toward higher power
 §§ lasers and better monochromaticity, which 1s in accord with
e the analytical chemist's quest for increased sensitivity and
:;-'-5: better selectivity.
::g Semiconductor dlode 1lasers have unique advantages as
!éf probe beams compared to their high energy counterparts,
izg advantages which are only recently belng exploited 1In
iii analytical chemistry instrumentation. Diode lasers are the
\;i least expensive and smallest 1lasers avalilable (1) and are
fg; much more rugged and efficlent than the larger lasers.
:gf These reasons alone make the dlode laser appealing for use
:i in instrumentation, but the 1large angular spread of the
:‘ characteristic diode 1laser fan beam presents a drawback for
o
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X _
éﬁﬁ some applications, and current wavelength limitations to a
;;Q few near-infrared bands have especially deterred
‘Eﬁ spectroscopists. Only recently have diode lasers which
;i& operate in the visible spectrum been reported (2). However,
i¢£ few chemical specles absorb strongly at typlcal diode laser
SES frequencles (756 nm - 1556 nm), which 1is a dlstinct
140 advantage for some optical technigques based upon refractive
;i;' index changes, The dlode laser also is extremely stable
‘:ﬁ with essentially no mode-hopping and coherence lengths of up
N to 40 meters. Such stability and coherence make the diode
<3§ laser extremely attractive 1Iin many applicatlions. No
G%E elaborate power supply 1s required and often thermostatting
( vf is generally not required, although thermoelectric cooling
}ﬁg does enhance the dliode laser efficlency and power stabllity
N
o (1).

W
D

i{; laser have been exploited to construct a novel system which
fiﬁ‘ provides for detection of coincentration gradients by
g Py

l' F.

" responding to assoclated refractive 1index gradients. The
XX

:;; detector 13 demonstrated as an HPLC detector and as a
B

N detector for simple flowing systems.

J.'r-.‘

o Recently, HPLC detector development has had vigoxrous
;;x activity (3-6), with detectors designed with a variety of
N

:EE important characterlistics, l.e., sensitivity, selectlivity or
e

® universality, robustness, and overall solute identification
;ff or characterlzation capability. often, selectivity and
o

K.

]

1:-:'

=

v

In this work, the unique characteristics of the diode

:7 »
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iﬂ\ sensitivity 1n HPLC detectlion are positively correlated,
»} such as with absorbance or fluorescence detectlion, which
?5 leads to favorable detection 1imlts and better detector
s
18] applicability to samples of interest. Within this context,
t
;? universal detectlion is qulte popular since analyte
Lﬁ derivatization 1is not required, while more sensitive
Il
o methods, such as fluorescence, often require analyte
u£ derivatization. Unfortunately universal detectors, such as
1
'ﬁ a refractive 1index (RI) detector, generally have limited
-
§‘ applicablility when dilute samples are encountered, due to
:ﬂ limited sensitivity.
i' Ideally, a highly sensitive wuniversal detector should
~ be developed that does not require sample derivatization to
[}
05 enhance sensitivity. With unlversal detection, it 1s often
L%
:§ difficult to wutilize gradient elution, since the solvent
"
" contributes strongly to the baseline signal. The ideal
'E; universal detector would be highly reslllent to solvent
‘i gradients. Thus, as Stolyhwo, Colin and Guichon pointed out
b’
° (7), analogous to the flame lonization detector (FID) in gas
" chromatography, a sensitive unlversal detector for HPLC lis
'll
,ﬁ not avallable. They developed a 1light scattering (LS)
Ny \
‘; detector for HPLC based upon an evaporative nebulization
:E process (7,8). The evaporative LS has many favorable
:; propertlies, yet unfortunately requlires evaporation of the
LS
'g eluting solvent-solute mixture with preferential evaporation
"
-
S; of the solvent. Further, the LS detector has moderate
o
. L]
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sensitivity compared to RI or ahsorbance detection (7).
These factors may limit the overall universality of this LS
detector, although excellent separations based upon
gradients are feasible (8). A second approach to obtain
"universal" detection in HPLC involves absorbance detection
in the UV range of 185-216 nm (9-11). Selected solvents
were lnvestlgated to assess thelr transparency 1in this uv
range. The 1list of solvents avallable as eluents for
"universal" absorbance detection at 185-214 nm was qulite
useful, yet may be 1limiting 1in many instances. A third
approach to universal detection 1involves 1indirect solute
detection (12-14). A property of the solvent is exclusively
monitored by the detector thus producing a "high" background
signal. Displacement of the solvent (eluent) by a solute
results in a net reduction in the solvent concentration as
the solute/solvent mixture passes through the detector.
This produces a negative detector response, l.e., an
indirect solute signal. While indirect detection provides
easy solute quantitation, solute characterization would
require a second form of detection, 1.e., another detector
sensitive to some physical property of the solute(s) of
interest.

One reallizes that RI dection remalns the workhorse of
everyday universal HPLC detectors. RI 1s a well understood
chemical property, that has 1led to new approaches to

chemical analysis, 1l.e., complex sample characterization

R




refraction-type RI detector based upon a capillary flow cell

I\ W

o

s
e

S, 5
iak without analyte standards (15-18). RI detectors have been
A developed UDased upon four basic designs: refraction,
E , reflection, interference, and the Christiansen effect (4).
o8
EA State-of-the-art, in terms of RI detectabllity and detector
\
i robustness, varies for these designs. For capillary and
g
t} microbore HPLC, Bornhop and Dovichl suggested an interesting
o9
[

(19). They applied the novel device in the reversed phase

-
5
Paard

o

if microbore separatlion and RI detection of nanogram quantities
i:: of sugars (29). Further, they combined the capillary flow
i? cell based RI detector with simultaneous absorbance
';; detection (21). When optimized, this capillary flow cell
ii. based RI detector appears to be limited to about 3 x 18-7 RI
;:: units (3 x rms) as the 1limit-of-detection (LOD) when
Eig optimized (22). This detector is highly robust and simple
..

K-

to produce and maintain. The second type of RI detector,

L)

4

reflection-based, was optimized by Wilson and Yeung (23).

They achleved a RI signal based wupon the change 1in

h{ LAARNIAAS REWALLARR] PO Mg

transmitted light at a ligquid-glass interface, in accordance
with Snell's and Fresnel's 1laws. Thelr device allowed for
simultaneous RI, absorbance, and fluorescence detection with
a 1 cm pathlength through the cell, in only about 1 uL
volume. RI detectabllity was comparable to the caplllary
based RI detector (refractlion-based), at about 1 x 10-7 RI

units. The interference-type RI detector (24) ylelds an

)
-
By

excellent LOD at 4 x 10-° RI units, yet, a relatlvely long !

-
i'.
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{5' pathlength, in the context of microbore or capillary HPLC,
f\ was requlired. The Christlansen effect RI detector has had
§\. few developments recently (4). Gradient applications with
)
ﬁg RI detection have been 1limited, since most consider this
t
b: impractical if not impossible, yet gradlents may be applied
.
& with RI detection by employing a volume delay loop for dual-
.
>

cell RI detectors (25). Ideally, one would desire to

ST

43 utilize gradients in RI detectlion without requiring a volume
”E delay loop which contributes to solute peak broadening.

::. Recently, Pawliszyn proposed an interesting approach to
i;& RI detection, based upon probing the RI gradient (26). The
?‘ nature of the detected signal was attributed to a Schlleren

F2%2%s

effect. The sheath £flow technique was applied to enhance

detector sensitivity. 1In subsequent studles of the detector

.

£ properties (27), it was determined that the sensitivity vas
=y pathlength dependent, thus scaling down the device may
;Eg sacrifice sensitivity. A predicted detection 1limit of 3 x
s‘ 19-® RI unlits LOD was reported (27). A very interesting
':' consequence of measuring the refractive index gradient (RIG)
i? was realized, 1i.e., for 1linear eluent gradients, the RIG
;ZE detector ylelds a rather small, constant, baseline offset
i (27). Thus, the RIG detector readlly allows for use of
;% eluent gradlents, while providing excellent solute
%S detectabllities. In this 1initial work on RIG detection
.é' (26,27) the nature of the detected signal was not fully
Ei described, and approaches for improving the device were not
o
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addressed. Since interferometry 1is the most sensitive RI
detection method avallable (24), one may expect to improve
RIG detection simllarly by an interferometric design.

This research 1involved constructing and studying a
sensitive RIG interferometric sensor. The device employs
common path interferometry to provide a sensitlive measure of
probe beam deflectlon (28-30). Thus, a simple
interferometric sensor has been developed that measures RIG
effects. The complete system is shown in Figure 1. The
diode laser, flow cell, flow cell windows and photodiode are
the components that comprise the Iinterferometric sensor.
Measurement of femtomole quantities of injected polymers,
separated by microbore slze-excluslon HPLC, with RIG
detection was demonstrated, corresponding to 4 x 16-° units
(3 x rms) detectabllity. This was accomplished at a non-
absorbing wavelength for the eluent and the polymers (780
nm). The novel device was relatively simple to construct
and employ, although the shape of the observed solute
response ls atyplcal of conventional HPLC detectors, since
the solute concentration gradlent 1is monitored, instead of
the solute concentration. The new detector has many
attributes that may 1lead one to believe that the ideal
universal detector for HPLC 1is forthcoming. The detection
principle of gradient detection 1is outlined, prior to
parameters, system

discussling sallient experimental

optimization, and subsegquent detector performance.
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Theory

w R AX,

When 1light 1is 1ncldent wupon a RIG, the wavefront is
refracted towards the region of higher RI (31). The exact
nature, or shape, of the RIG 1is highly dependent upon
hydrodynamic conditions (32), and necessarily requires an
' orxdered flow pattern (33). The extent of the interaction
. between the flowing RIG and the 1incident 1light beam is

highly angular dependent. For a z-configquration cell, as

""\.J'."

shown in Flgure 2, near grazing angle 1incidence produces

both reflection and transmission components of much

- .
LD Lo 35 MRV B g g

complexity. From our studies, 1t was clear that working far

- -

enough away from grazing incidence may be accompliched by

carefully tilting the z-conflguration cell, while focusing
i an ilncident diode laser beam towards the bottom of the flow
(- cell. Careful tilting of the £flow cell, which acts as an
etalon, ls important for the interferometer function. The

resultant experimental condition, shown 1in Figure 3, lends

- ¢

itself to explain the RIG signal measured "experimentally",

which depends upon probe beam deflection, followed by the
subsequent effect on the photodiode output as an active

component in the single-mode diode laser interferometer.

LRl e Bih MY WS 4

To relate the observed deflection due to the RIG,

e e e

j dn/dx, to the subsequent transmitted beam intensity, one

- must begin with (34,35)

; d dre - dn
N JT (nao Jr ) = Ix (1)

\ where dn/dx 1s collnear with a direction vector, r, as a

: .
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function of distance, x, and time, t. A unlt vector r., in

i?“ the direction of r, indicates the displacement of the probe
:f% beam from its original direction, while neo is the uniform
%,' solvent RI, and S 1is a ray path relative to dn/dx.
ﬁ? Furthermore, ro and S are perpendicular to each other.

Clearly, the maximum probe beam deflection occurs when dn/dx

-
-
*a
L

is perpendicular to S. This condition 1is exemplified in

i F

[
“l

Figure 3, with ¢ = n/2 radians, where ¢ is the angle formed

o
&4 Yy
¥ A,

;3§ between the incident beam direction and the direction of
L:‘ solvent flow. Note that 1in practice, ¢ 1s quite small,
;gg about 0.620 rad. Thus, eq 1 i3 more precisely written as
éﬁg gg(nn géf) = sin ¢ g% ‘ (2)
R One wishes to measure the deflection angle, 6a (t), for a
3:5 given point of the RIG, dn/dx. Integrating both sides
Etﬁ of eq 2 with respect to the ray path § ylelds
;' Na g-;-" = sin ¢ g% J‘eds (3)

»
g;? noting that the product sin ¢ dn/dx is essentially constant
l!: in the 1integration since the gradient moves at a rate much
1£§ slower than the speed of light. The path integral f- 4S, in
C;g eq 3, 1s readlily calculated since for small deflections

;"" ds = L
i~ Jo8 = (4)
LQ: where L 1s the 1length of the RIG traversed by the probe

gg beam, l1.e., the flow cell length. Finally, the probe beanm
i deflection of Interest, 8a (x,t) with respect to dn/dx, is
(fg readily available since for small deflections

¥

[

B
b
l‘:

l.'
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e 1
b
0
he?
(_'1;’ Ba (x,t) = dre
;: j ’ ds (5)
Lo
L
b Combining egs 3-5 and solving for 8a (x,t) yields
»)
. = L dn
’Jﬁ Ba (x,t) E;sin @ I= (6)
%
y*: which is consistent with previous work (26,27,35), except
r
BN the angular dependence on ¢ has been included. The
. ,).‘
3;_. deflection angle 8a (x,t) 1is related to solute
¥
iﬁf concentratlion, Ca (volume fractlion), by the chain rule
o
%ﬁi since
1)
] t:: dn _4C _ 4t  dn (1)
AN Jx “F I} T
".t

Again, for low solute concentrations, typical in HPLC, the

ﬁ following approximation is made (15)

:} dac 6no Nx® + 2 no? + 2
ey (8)

W where no 1s the RI of a pure solute. Clearly, eq 8 is an

5! dn _ (ne? + 2)2 [n." -1 _ ne? - 1]

A indication of solute sensitivity in a given solvent.
'f‘; Substituting eq 7 into eq 6 yields

el _ L . dc . 4at _ dn
*:: Ba (x,t) = = 3in ¢ - 2= * == ° o (9)

-

el 1
£ .

It is the change in Ba (x,t) with time as a function of

e

~ - -~

5=

T
&

dc/dt, L.e., the concentration gradient, that ultimately

€3

° leads to a change in the quantity of transmitted probe beam

N intensity measured by the photodiode. Note that dt/dx 1is

o
v.l" . ) : .
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equal to 1/u, where u 1is the 1linear flow veloclity.
- Experimentally, 8a (Xx,t) may be measured by use of a
position sensitive detector (PSD). The observed signal, «a,
at time t is given by
%g @« = K - 8a (x,t) - d (19)
) where 4 1is the distance from the probed gradient to the PSD

e
-

and K Is a proportionality constant converting distance to

el

"B voltage.

3¢

jﬁ Now, one needs to consider the measurement of 68a (x,t),
5,9

‘.' particularly in relation to dcC/dt in eq 9. 1If a Gaussian
}5 peak shape 1s assumed, the concentration C (t) at time, t,
-.\

E: of the analyte is glven by

S

y - 2
( c(t) = —St . exp { - 4 (t’ t) }

::' OCe(2x) O (11)
fmn

;S where Cx,: is the injected analyte concentration, o« 1is the
;%k standard deviation of the analyte concentration profile at
I%f time, t, due to all broadening mechanisms, and tm is the
)

o retention time of a given analyte (in the context of HPLC
o

Iy detection). Since the sensitivity depends upon B8a (x,t),
)

:E from eq 9, which depends upon C (t), the derivative of eq i
N+ i
32$ 11 with respect to t ylelds

L)

3 € < ¢ty t"'t]

% dt Oe? (12)
AN

5\

LY

;_ Taking the derivatlve of dc/dt with respect to t and settling
-’ .

5; 1t equal to @ allows one to calculate the maximum polnts of
v

7o

Pe

OO )

S e Vol a v u b o v s A Y
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(-- sensitivity, which occur at t = ta * o0e (26). Thus, the
s analytical signal measured by the RI gradient detector
{ “\'
o]
[7s- becomes the peak-to-peak signal, 8a (%X,t)p-p (as in Figure
N
L 4), of the gradient response, at t = ta + 0« and
\
'ﬁk t = te - o for a Gaussian peak.

Substituting eq 12 into eq 9 ylelds

ta - t. 1 _ dn

8a (x,t) = C (t) ( ) =

~~

) oe? u 4ac (13)
\f
;?; Experimental measurement of 6a (x,t) at t = ta * 0« by use
A
g of eq 11 gives
o
o C(t=ta-o00 =22 S e-*
o0 F Te(2mn) (14)
A
‘ﬁh Of course C(t = tr + 0c) glves the same result so that
%]
gﬁ Ba(X,t)p.p = [Ba(x,t)(t = ta - 0e)] + [Ba(x,t)(t = ta + 0e)l
Y
o5 (15)
e
M 0x,
N and
2
R Balx,t)p.p = 29t _Cs " e-% 1 dn
% F 0e®(2n) u d4c (16)
A »
4
o Thus, measuring the signal with a position sensitive
o
}ﬁ detector where the total angle of deflectlion ls translated
o
-
23 into a distance, ap-p, we f£ind from eq 10 and 16
"-'
{ Ap.p = K - ed(x,t)p.p - d (17)
R
.‘j:-:
ﬂf The volumetric flow rate 1s related to the cross-sectlon |
.
:f area, A, by
o F = uA (18)
-
o
X

»
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where A equals wnr2, with r equal to the radius of the probed

volume. Hence, eq 17, may be rewritten as

8 n % r3 dn ViCs
p.p = K - d " ()’ o e " e
e ne dcC o2 (19)

wvhere the radius of expansion, r, equals (L sin ¢)/2, and

ap-p is the experimentally measured peak-to-peak gradient
signal. Besides the relatively easy PSD measurement of the
RIG effect, one may simultaneously observe an
interferometric signal wvia an 1intenslty measurement. By
carefully tuning the relative positions, both 1lateral and
rotational, of the flow cell and photodlode, one achieves a
signal from this 1interferometric mechanism that linearly
correlates with eq 19 for over two orders of magnitude. The
extreme stabllity of the laser diode 1light source plays an
important role 1in observing this phenomenon. In this
system, the nolse (standard deviation) of the laser diode
output was found to be 4 x 10-® relative to the output
intensity. It 1s 1interesting to note that the device is
pathlength dependent. While eq 9 1s a somewhat simplifled
version of what may be observed in this complex detection
system, eq 19 contains more of the detall required to be
analytically useful. Experimental simpliclty and device
applicability are readlily obtainable and will be discussed

in the context of universal HPLC detection.
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Experimental

The primary experimental system 1s shown in Figure 1.
Key variations of this design are seen in Figure 5 while
minor changes are described below. In general, a 782 nm
diode laser (Physitec Corp., DL 25, Norfolk, MA) with 3 mw
output was intensity modulated at 24 kHz via a TTL waveform
(Wavetek, Model 190, San Diego, CA) which was synchronized
to a lock-in amplifier (Princeton Applied Research Corp.,
Model 5204, Princeton, NJ). A microscope objective, £16.85,
designed for the dliode laser system, focused the laser probe
beam to a spot size of ca 200 um at a z-configuration cell
(made in-house) at a focal length of ca 60 cn. Probe beam
polarization was purified before entering the cell by
passing the beam through a polarizer (Karl Lambrecht,
MGTYS8, Chicago, 1IL) which was mounted in and precision
tuned by a rotational stage (Newport, Model 471-A, Fountain
Valley, Ca). A similar polarizer (functioning as an
analyzer) and stage were placed between the cell and the
detector as 1in Figure 5 for much of the early work. Two
flow cells were constructed from aluminum and c¢ afigured as
in Figure 2. Each had a cylindrical bore 1.8 cm length by
800 um I.D. ylelding a volume of 5.8 uL. The cell windows
were glass microscope slide cover-slips (VWR Scientific
Inc., 25 x 25 mm, #1 1/2, San Francisco, CA) carefully glued
at each end of the cell. Entrance and exit tubing to the
flow cell was Teflon, 1/16 1inch 0.D. x @.687 1inch I.D.

nominal. After passing through the cell, the probe beam was

P N B A B S R Py R i I S S PR S .
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imaged onto a photodiode (Hamamatsu, S1723-85, Hamamatsu
o City, Japan) with a4 1 cm x 1 cm active surface. The
"y photodiode voltage output was sent to the lock-in amplifier
X to obtain the in-phase and subsequently demodulated
dﬁ analytical signal, synchronized by the waveform generator.
-;; The analytical signal was sent to either a personal computer
(,“ (IBM-XT, Armonk, NY) via an 1interface board (Metrabyte,

DASH-16, Taunton, MA), or a chart recorder (Houston

L ]
.‘ y 8
AR

&
Ly
2 B2

Instruments, D-5008, Austin, TX} or simultaneously to both

v,

»

devices.

The flow cell was mounted on a high-precision

wRE e

translational stage (Newport, 466-XYZ, Fountailn Valley, CA),

I'“ while the detector was mounted on a similar stage for the
gy translation studies and a high-precision rotational stage
o
532 (Newport, Mcdel 471-A, Fountaln Valley, CA) otherwise. The
Lo
:) fiber optic variant of Flqure 5 consisted of a single-mode
,3; sllica fiber positioned via a tilt stage (Newport, F-19TsS,-
S
‘Eg Fountaln Valley, Ca) and fiber coupler (Newport, F-916T,
D) St
.} Fountain Valley, CA). A 5X microscope objective after the
A
~ﬁ- analyzer focused the analytical beam into the fiber. The
U
; ?: fiber was rigidly mounted through the case of and incldent
® upon a pin photodiode (Hamamatsu, S1466-065, Hamamatsu City,
.
o
E@ Japan). The signal was then demodulated and recorded as
\‘
o
Y, previously described.
i
® State-of-the-art HPLC systems (both standard and
-
k.-
:ﬂﬁ microbore) were wused to lntroduce separated analytes into
:1 }:
S
254
[ ]
1P
'l:;I
e st e e L B S T e AT




Studies were made with water as the solvent £for sugar

5

oo 20

-
i - the flow cell as well as simple injection of a sample plug
o into the flowing eluent stream. The complete HPLC work is
TR

g described elsewhere (36). 1In all cases, injection was made
".‘

E through an 1injection valve (Rheodyne, Model 7125, Cotati,
\

 § CA) iInto the eluent stream pumped by a high precision and
v

zj high pressure syringe pump (ISCO, LC-2608, Lincoln, NE).
e <

it

samples (sucrose, fructose, glucose, and galactose) as well

x
e

N
}?’ as polyethylene glycol samples (Polymer Laboratories,
{: Amherst, MA), and with spectrograde CHzCl: as solvent with
;; polystyrenes (Polymer Laboratories) as samples. Additional
aé studies were conducted with toluene and dibutyl phthalate
o with 56/50 v/v acetonitrile and water as solvent. Columns
33 used were a 256 x 4.6 mm I.D. Macrosphere, 308 A pore, 5 unm,
:2 C8 standard column (Alltech, Deerflield, IL) and a 250 x 1.0
ﬁf mm I.D,, 308 A pore, 5 um, C8 microbore column (Brownlee
;E? Labs, RP308, Santa Clara, CA). The studies with toluene and
z;z dibutyl phthalate were done with a 66 x 2 mm 1.D., 308 A
'z pore, 5 um, C8 column (Alltech, Deerfield, IL).

?, Samples entered the flow cell after passing through
;‘ either an HPLC column or a small length of Teflon tubing
': (6.627 inch 1.D.) hereafter called "flow wunit". Various
% lengths of tubing were wused in the flow unit studles, with
;i 85 cm generally used. The z-confliguration flow cell yielded
; ordered flow from inlet to outlet at flowrates of 20 uL/min
E to 300 ulL/min. Faster flowvrates were evidently turbulent or
»,

.{.
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in transition to turbulence, causing a homogenous RI in the
cell with resultant loss of useful analytical signal.

Initial experiments were conducted to determine the
optimum flowrate for maximum sensitivity and to find the
flowrate range where a useable analytical signal could be
obtained. Subsequent studlies were conducted at the flowrate
ylelding maximum sensitivity. For aqueous HPLC ca 64 uL/min
was optimal whille for HPLC with CHzClz as eluent ca 49
uL./min proved best. The flow unit studies with CHz2Cl: as
solvent were generally conducted at 107 uL/min.

With fixed flow cell conditlions, the distance between
the cell rear window and the photodiode was adjusted along
the probe beam axis in 160 um increments, noting the
detector response for lnjection of the same model solute at
each step. Sensitivity wvarled significantly with detector
position, but signal response dld not decrease smoothly as
in an inverse-square fashion, but in fact wvarlied
periodically as will be discussed. Further studies were
then conducted with the detector fixed at the position
ylelding maximum response,.

The flow cell was then rotated near normal incidence
and detector response to the injected model solute noted at
each angle. The angles at which maximum signal response
occurred were noted. One might expect simlilar results from
the corollary experiment, that of rotating the detector from

normal inclidence. Thls experiment was also conducted, but
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fu' otherwise the detector surface vas fixed at normal
‘%; incidence. The flow cell was also adjusted vertically (z-
:"‘.‘l
gh' axlis) and transversely (y-axis) with zregard to the probe
03
1A
ntabit beam axis (x-axis). Translatlon in the z-axis significantly
t
N altered the signal response (as one would expect from the
g
kﬁﬁ rotation study) while movement in the y-axis had essentially
Y
{“ no effect (until striking the cell walls with the beam at
%R: the extremes). It was found that optimum tuning could be
K
?ﬁ: most readily obtalned by cell rotation after centering the
)
‘:: probe beam through cell midpoint. Rapid tuning was obtained
o
?3{ by using a short (ca 25 cm) section of Teflon tubing (0.987
-I‘::nt
.o inch 1.D.) in place of the HPLC columns.
o
(' Studies were also conducted to see if polarization
Qﬁ; effects were significant. Polarization crystals were used I
oA
ﬂh in several configurations: 1- ca. one c¢m before and after
i

the flow cell, i.e., a polarizer/analyzer (P/A) combination,

20

Ea: 2- polarizer only ca. one cm Dbefore the «cell, 3- neither
'Eé crystal in the optical train.

;‘ In several of the studles, comparison of signal
:ég detector response vas made with a commercial UV-Vis
:E% absorbance detector for HPLC (ISCO, Model V4, Lincoln, NE)
qu fitted with a @0.56 uL £flowcell (ISCO, Series 9080-972,
':g Lincoln, NE) having a pathlength of 2 mm. Additional
,:% studies were made with a position sensitive detector
; (PSD) (Hamamatsu, S1352, Hamamatsu City, Japan) of 2.5 x 33
; f mm dimensions. The PSD was placed 5 cm behind the exit
Epv

o

o

2 . .- - -
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window of the flow cell and allgned such that vertical
deflections of the 1laser beam would be detected. A
comparison study with the PSD allgned horizontally was
conducted, confirming, as suspected, that the primary beam
deflection caused by solutes passing through the cell occurs
in the wvertical axis. The PSD was mounted on a high
precision translational stage (Newport, 4686-XYZ, Fountain
Valley, CA) which not only allowed for precise positioning
of the PSD, but accurate correlation of beam deflection with
signal response. That is, the PSD was translated exactly 1
mm In the z-axis and the corresponding change 1in signal
voltage measured. Then by simple geometry the deflection
angle assocliated with a gliven analyte could be calculated
(37). Prior to wuse of the PSD in recording analytical
signals, the PSD was positioned to an electronic null and
the ratlo signal sent to the chart recorder. Subsequent

analytical beam deflection signals appeared as deviations

from this null baseline.
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h)
dﬁ Results and Dlscusslion
’y
)
f The flowrate studles 1illustrate that signals may be
& obtained only in a specific range and that a rate for

maximum sensitivity may be determined for a given solvent.

LIS

|

For example, injection of a constant quantity of Q
|

|

fﬁ polyethylene glycol 1in water as the solvent caused a small
ﬂﬁ chemical perturbation in the flow cell. The volumetric
(' flowrate of the solvent was varied, thereby introducing
:J change in the fluid motion in the cell. Measurement of the
i,. transmitted probe beam Ix(t) due to the small but constant
:. chemical perturbation according to eq 9 allowed changes in
}ﬁ? the hydrodynamic £low as a function of flow rate to be
}éi nonitored. The results of this study are seen in Flgure 6.
fﬁ Above ca. 3908 uL/min, for this sytem, it 1s probable that
5: turbulence prevalls, ylielding a homogeneous RI due to mixing
o'

throughout the flow cell. Hence no signal 1s obtained, for

the physical condition of separate regions of stagnant and

)

5

’,

laminar flow as theorlzed no longer exlist. Between 29 to

)
iz 388 uL/min, however, a detector response was measured
Tfs indicating Ix(t) changed as a function of the chemical
;i perturbation that was lntroduced.

‘g This 1s strong evidence for the existence of "ordered"
; flow in the flow cell such that the condition modeled in
.; Figure 2 may be a reasonable explanation of the observed
EE results. Below 20 uL/min, the signal also falls off, and it
.;) appears that the volumetric flow rate was too slow to
32 overcome serlous diffuslon effects 1in the flow cell or a
"

)
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ﬁh' continual "sweeping out" of the flow cell corners occurs,
(
:7, thus destroying the different refractive 1index region
o
N
‘&j boundaries as depicted 1in Flgure 2. Although a priori
5-'.’
,aﬁ Reynolds number calculations for the system are difficult
1
E } due to the complicated experimental geometry, one would
4 ]
:Q@ expect the Reynolds number calculations to yleld the low
L)
()
é*ﬁ values assoclated with laminar flow (i.e., 1less than 2009).
":, Indeed, the extremely low values of Hagen - Pouisselle flow
d
-\
Eﬁ (less than 300 units) are obtained as summarized in Table 1.
0
{; The values of Table 1 for the three solvent systems studied
§:§ were calculated using the standard equation for fluid 1in a
o
E‘J pipe
2y
)
i _ dpv
( Re = =&~ (20)
lf: wvhere Re 1is the Reynolds number for the solvent, 4 is the
i

[

distance of the pipe (in this case, the flow cell length), p

)
&

0.

is the £fluld density, v is the linear flow velocity, and n

o,

00 1s the fluid viscosity.

’ '. ¥'

’5 Precise rotation of the flow cell, i.e., adusting 6 in
;2 Figure 3, with subsequent detection of Ix(t) for a constant
:’l‘ |

!f: concentration perturbation was conducted to examine the

Vﬂ mechanism behind the detected intensity changes. Although
o

Lard initial computer simulation studies based on planar

A%

n?§ reflection 1losses ylelded maxima and minima with spacing

:-ﬁ consistent with the experimental data, the magnitude of the
o

) E intensity change observed could only be accounted for 1f an

Sk

;'Q interferometric mechanism were operating. Flrst, the

L
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f- photodiode lateral position, d, was kept constant, and the
Qv flow cell rotated by 1.1 mrad 1increments (8), spanning 100
3‘ )

%; mrad, with the center of the range approximately where the
\

3 probe beam was perpendicular to the cell windows. At each
\

;q incremental setting the photodiode output was measured. The
el

§§. photodliode output data are essentially the baseline signals,
:$. B(9). An average baseline signal was calculated, B, and the

relative difference calculated, Brazx (9), at each

iA's

'y

AN

incremental setting

B(8) - B
® B (8) = oe———
g rel B (21)
“w
'y
,*ﬂ with the results for a portlion of the 8 range traversed
i
{d shown in Figure 7. The shape 0f Brax (8) versus 6 increment

in Figure 7 1s consistent with an Airy function, with a
depth of modulatlon of about 10% and a perlodicity of 35
mrad (38). By injecting a sultable model solute at constant
injected mass, flowrate (197 uL/min) and entrance tubing (28
cm of " 4.087" 1.D. Teflon), and detectlng the RIG signal at

each incremental angle, as for Figure 7, the relationship

. P & ,,,._.4
'@ ‘.n..:- .:'..-\.'F.:F‘. U .:' :':r;' J..;' P

"

;j between Braa (8) and the RIG signal was studied. As
\if previously reported (26,27), the RIG signal, 6a in Figure 3,
‘;; was measured as the peak-to-peak response, labeled as VC
N

’9 instead of 68a (x,t)p-» Or ap-p since a gradient of
!

)

? concentration 1s effectively measured as the maximum to
® minimum deflectlion angle, given by eq 16 and 19. For a
e,

:: binary mixture with the solute at low volume fraction (15)
o

oy,

3

®
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equation 8 may be used to calculate dn/dC. VvC was measured
at each incremental angle, 8, thus vC(8) is compared to
Brax (0). These results are presented iIn Figure 8, wherxe
vC(9) and (B(8)-B)/18 are both plotted for approximately one
full period in the Airy function (38). Referring back to eq
21, the quantity (B(6)-B)/18 is plotted instead of Braax (8)
in order to simplify the plotting of Fiqure 8. Note that
the vC(8) signal (peak-to-peak) is a poslitive value 1f the
model solute RI is greater than solvent RI, as was the case
for polystyrenes 1in CHaCla. It 1is clear from Figures 7 and
8 that there 1is a direct correlation between Braa (8) and
vCc(e), with the conclusion that £flow c¢cell rotational
position, acting as an etalon, must be considered 1in the
performance of the RIG Iinterferometric detector. Clearly,
with the flow cell at a fixed position, rotation of the
detector surface 1instead of the £low cell should yield
similar maxima and minima if an interferometric mechanism is
operating, and such was indeed found to be true. Further
confirmation that simple planar reflection 1losses are not
the basis of the observed signal is the fact that rotation
of the detector surface such that the incident 1light does
not reflect back to the flow cell window results in total
loss of slgnal assoclated with the chemical perturbation
while measured background intensity remalned constant. With

detector geometry at near normal Iincidence to the 1light

exiting the flow cell, the complex interferometric pattern
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{. provides sensitive detection of intensity changes caused by
., chemical perturbation of the optical conditions in the flow
W
\ﬁ cell.
AL
S One would expect then, to be able to find an optimal
t
;x; position at which the detector should be placed 1in order to
%
’*j most advantageously use thls effect. The results of
i s incrementally adjusting the detector along the probe beam
§§- axis are shown in Figure 9. Steps of 25 to 560 um were
b -
:? taken, with the baseline signal as a function of distance
w0
%? B(d) measured, analagous to B(©) for flow cell rotation.
;ﬁ‘ Simultaneocusly, vC(d) was measured at each incremental
\-’.&
i{ distance for the same model solute as in ¥vC(8) measurements.
i
(ﬂ' The results are shown in Figure 9, where vC(d) 1s plotted as
; a function of the lateral translational distance, 4, in mm.
o
: : B(d) has not been plotted iIn Fligure 9 for clarity, although
W
fi B(d) was correlated to vC(d) in the same way B(©) was
;:& correlated to vC(8) in Figure 8. Clearly, translational
fL "
wﬁ positioning of the photodiode relative to the flow cell
)
‘.‘ (Figure 9) produces an Alry function (38) analogous to
e
%E Flgures 7 and 8, where flow cell rotation was examlned. It
)
?~ is interesting to note 1in Figure 9 that RIG detection
v
L
® sensitivity is optimized at 3.5 mm and 13.5 mm where large
[ *
' 3 Jumps in sensitivity were observed. The periodicity of the
15
‘E large jumps is about 20 mm. Underlying these large Jjumps in
)
; sensitivity is a vC(4d) versus distance (d) dependence that
”i is less pronounced. The perlodicity of the less pronounced
Vi
e
° -
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s

%

Ty T .

T ~ SRy ’\'f- ";. T B RN B e Sl f‘( Oy r:\r o« .gr,“ n, " At AT A o e '.'_'.‘""' O »\\
SRR N . £ 50 o, .D. Y RSN o e XN . ' A '.c's'.. N ) AN C\?




> .
INfaful J 2

§ TN i
)

b L T SN

PP IR

YR

MNERERTRINT eV,

LA )
i }

.’.‘

% ]
%
a

fELSN
a n a1

a
Bl

°
&
rt
o,
o,
o
o
'
o
hd
¢A1

. >
R ~,

30

sensitivity positions is about 8 mm. One would desire to
work at an optimum in sensitivity, which occurs at either
3.5 or 13.5 mm lateral displacement between the flow cell
exlt window and the photodiode. 1In practice, satisfactory
RIG detection sensitivity is obtained even if one works some
distance from the optimum, but prior knowledge of the
perlodicity of a given RIG interferometric detector, for
both flow cell rotation and photodiode lateral displacement,
is essential for rapld day-to-day tuning. Each data point in
Figure 9 corresponds to the same chemical perturbation.
Reversal of the pattern evidently occurs at ca 8.5 mm; the
signal 1s then negative with respect to baseline but of
similar magnitude. Although we do not give a mathematical
description of the interferometric pattern observed, one can
appreciate the temporal and spatial aspects involved with
the interference zone by referring to the work of Brayton
(39), Siegman (49), and the discussion in (41).
Nevertheless, the application of the optical effect is
straightforwvard, l.e., adjustment of the cell rotation angle
and translatlion of the detector to obtain maximum signal
response for the same chemical perturbation in the flow
cell.

In the effort to wunderstand the observed effect,
studies were done with polarizers in the optlical trailn as
previously described. No slignificant polarization effects

were observed, and Indeed, the device works quite
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satisfactorily without the use of polarizers or any other
optical filters. The fiber optic variant Figure 5 performed
satisfactorily as well and the depicted configuration could
be used to observe the phenomenon if desired.

An additional question to address in connection with
this device is that of optical feedback. Dandridge (28-30)
successfully employed optical feedback into a diode laser to
achieve distance resolutions of 9 x 10-® nm. Is the
observed signal produced or largely influenced by an optical
feedback mechanism to the diode laser cavity instead of or
in concert with the proposed interferometry? Such was found
noct to be the case. Deliberate feedback of the beam into
the laser cavity wusing the described geometry d4id not
produce any measurable intensity changes.

It 1is 1important to note that the characteristic
properties of the dlode 1laser (1,42) are critical to the
observance of this phenomemon. 1In particular, the low noise
({standard deviation of 4 x 10-% relative to output
intensity) of the laser and the extremely 1long coherence
length (at 1least 10 m) give the stability required to
observe the signal above background, a signal which would be
swamped by the greater noise and instabllity associated with
other typical laboratory lasers such as a He-Ne laser.

The deflection of the 1laser probe beam resulting frow
the refractive 1index gradient as a solute transits the flow

cell may be followed either by the intensity changes

A -

‘.-\*‘\" "‘ v‘--.'. w V - -‘.g » o -, - -.' -
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assoclated with the interferometric mechanism incident on a

photodiode surface or by use of a posltion sensitive

i

detector. Both methods were studied and each has advantages

which may be explolted as discussed iIn turn below.

, ol
X5 x

- UF

Although more complex and difficult to describe

¢

.Eg& mathematically, the 1interferometric method 1is extremely
12

;33: sensitive, ylelding a mass 1limit of detection (LOD) of 5490
ii pg injected for 500,000 g/mole polystyrene, or

EE 1.1 x 18-*® moles when coupled with microbore HPLC.
:E; Alternatively, the injected concentration £for the 500,000
i§§ g/mole polystyrene at the LOD was 6.9 ppm or 2.4 nM.
‘E%, Inferred refractive index changes of 4 x 16-° RI can be

measured, had the concentration 1level at the LOD been

g -

«
h

measured by conventional RI detection approaches (3). The

linear dynamic range extends from the limit of detection

I
NYLR Y'Y
A A A

through two orders of magnitude. At higher concentrations,

fo4 RS

i:‘ deflection -moves through orders of fringes 1in the
'Eﬁ interferometric pattern, making it difficult to deconvolute
%; the resultant signal. The PSD would be appropriate, then,
ié; when extremely sensitive measurement is not required.
;ét Nevertheless, the interferometric system may be tuned fairly
:f rapidly and need not be precisely adjusted unless maximum
Eé sensitivity 1s desired.

,ég Use of the 1linear PSD 1in lieu of the photodiode is
”;f advantageous in the sense that the deflection angle can be
.Ei readlly measured and mathematically ascribed. It 1s simpler
%

24
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Ef to set up and does not require the same precision of tuning
{H as the interferometric method. The only adjustment required
¢§ beyond basic beam centering 1is translation of the detector
N along its major axis to find the signal null which allows
jﬁ use of the device without extinguishing room lights. The
f? signals obtained with the PSD were consistently smooth
;b derivative shaped curves which vere easily treated
!; mathematically and could easlly be integrated, if desired,
EE to obtain a more conventional shape, and perhaps improve
-; detectability simultaneously via the integration (35,43).
,$; The same PSD was employed by Renn and Synovec (37) who
it obtained ca 1 um resolutlon. Since that study, an

l.I

electronic component was replaced to increase the resolution

Ty

X

to optimum, measured to be 6.6 um (30) in connection with

35 these studies.

’T A significant advantage of the PSD is detection of the
i% direction of the Dbeanm deflection, 1leading to Dbetter
f$: undexrstanding of the flow cell deflection mechanism. With
‘: the PSD it is possible to clearly compare results obtained
fzy experimentally with the expected signal given by eq 19,
E? which 1is the currently accepted theoretical relation. The
:E device glves analytical signals that are orders of magnitude
5; larger than expected. The unique flow dynamics associated
;% with this device are apparently responsible for thils
; extraordinary increase 1in sensitivity, and further study
f;i should result 1in the mathematical expression that more
. ;.;

.; -
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completely describes the expected slgnal instead of eq 19.

it is, of course, necessary to position the PSD such
I~ that its axis is aligned with the axis of beam deflection to
achieve maximum sensitivity. Comparison of the PSD aligned
in the vertical axis (found to be the primary axis of beam
deflection) yielded 4 times the sensitivity versus alignment
in the horizontal axls (probe beam axis held constant).

Of particular interest 1is the possible wuse of this
o device as a detector for gradient HPLC. Of course, standard
refractive 1Index detectors cannot be wused 1in gradient
N chromatography, for the response due to the changing
- refractive index of the gradient solvent overwvhelms any
slight RI change due to an analyte. This is a severe
limitation associated with a standard RI detector.
N Measurement of the refractive index gradient eliminates
this limitation. To illustrate the viabllity of using this

device for gradient HPLC detection, a large 108 uL injection

‘Eé loop was employed such that, for whatever material was
:;ﬁ injected, the central portion of the injected sample plug

Eﬁ would remain essentially constant through the time required
:" to flow through the flow cell. A 128 cm length of #.887"
;i I.D. Teflon tubing (380 uL volume) was used to introduce
é% samples to the flow cell In place of an HPLC column. The
g; refractive Index gradient.detector should return to baseline
g: during the central position of the sample plug since dcC/dt
lhﬁ (and of course, dn/dt) 1is zero. By injecting samples of
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pure compounds with widely different refractive index
values, the relative shift in baseline could be measured and
the viability of wuse of the device for gradient HPLC
ascertalned. As seen in Figure 10 there 1is no competition
between RI response of the solvent and the gradient signal
assoclated with an analyte. That 1is, since the refractive
index gradient detector responds only to acute changes in
RI, the RIG signal does not deviate substantially from the
baseline condltion elther when the effuent RI is constant or
linearly changing with time, even 1if the effluent RI is
different than the original baseline solvent composition.
Examined mathematically, one starts with eq 9 which predicts
the probe beam angle B8a(x,t) as a function of the material
passing through the flow cell. A gradlent may be produced
by changing from Ca to Ca for solvents A and B (volume
fractions). 1If the solvent gradient 1linearly changes from
Ca to Ca with time, eq 9 suggests that the gradient of Ca
(t) produces a baseline signal that is finite, yet constant,
with time.

VCa(t) = Ca - Ca (22)

That one may assume the RI change as a function of eluent
composition is nearly linear was exemplified by Woodruff and
Yeung using a volume delay between sample and reference
cells to produce a workable RIG (25). As seen in Fiqure 14,
the baseline deviation shifts only ca 10 mV for 1 full unit

change in refractive index. Thls corresponds to ca 6 x 10-%
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’* nv when operating near the 1limit of detectlon where the
:i* nolse (50) is typically on the order of 16nV (using the
Eg; interferometric method). Clearly, then, the gradual RI
fﬂz change of the solvent gradient iIs negligible in regard to
f;x the refractive gradient signal that 1is measured by the
j 3 device.

Injection of a polystyrene standard with the same flow

ar«iﬁj

.; unit and large injection 1loop Jjust described, followed by
\’: UV-Vis detection at 2680 nm produced the signal shown in
‘;j Figure 11. Note that a plateau region 1is present for an
g; extended period of time, 1in which the solute concentration
AR

4

is finlte, yet constant, with tinme. Analogously, in this

N
Sh

plateau region the mixture RI is constant, yet different,

R L Y
EL LR

from the baseline RI (solvent only). If the RI gradient

detector is indeed also measuring the solute concentration

-

-t

gradient, then numerical differentliation of Figure 11 should

19

=~

Eﬁ produce the solute concentration gradient profile to be
ifﬁ measured with the new RI gradlient detector. The finite
L;a differential of the UV-Vis solute profile of Figure 11 is
;i; shown in Figure 12, In comparison, the RI gradient sensor
Egﬁ produced, for three consecutive Iinjections, the signals
;:; shown iIn Figure 13. Note the marked similarity between the
i;ﬁ differential of the UV-Vis absorbance detector data, Figure

12, and the RI gradient detector data, Figure 13. The

-

comparison between Figures 12 and 13 strongly supports the

interpretation of the response obtalned with the novel RI

L TN, AR I, N IR o VO o A gal - O NI
* l‘q‘o. ." 5, My A%y 4" , » LM .-'43 #5‘:% "J#; -.,h".'!‘!l‘ v ":‘5 A R O R .'n‘!'o‘!::.!.:"ﬂ .‘:‘.-.:.n’l’.:.!f;‘l‘..o ,‘o.le:'l!ni t. N X ,o'l&q,.:‘\'ih N&‘:L I,. ‘.‘:'0:’1*

- gk ;':.'L..,-,;' e,
$2a A @ INNNON®




i

:ﬂ$ 37

D

gradient detector. Clearly, when properly aligned, the new
detector provides a signal that 1is identical to a
}iﬁ concentration gradient, consistent with the explained
2 )%

e mechanism leading from eq 9.
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R Table 1I. Solvent System Reynolds Numbers

h
) Solvent System Density Flowrate Viscosity Re
 J g/nL nL/min poise

H20 8.9991 20-309 #.0114 6-99

YYLT.

CH2Cla 1.2166" 20-300 f.00845 28-295

4§ ol

H20/CHaCN @.89209%=-- 20-3090 #.00869- 9-130

L

a) Values of 150 C used except as noted.
b) 200 C value.
c) Calculated by average.
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5‘%, Conclusion

,gﬂ The refractive 1Index gradient detector, with further
:ﬁ improvements, may well be the universal detector of choice
'§E for HPLC, with a present demonstrated detection limit of

S& 4 x 10-® RI wunits (rms). This detection 1limit was

;ﬁg calculated for a known Injected volume fraction of 500,000 :

i&ﬁ g/mole polystyrene 1in CHzCla. However, as inferred by egq
:§ 19, any improvement in the separation efficlency, reducing

.”, -

NG 023, will result in an inproved detection limit. This will
é; require a concurrent decrease in the flow cell volume to
S{ limit band broadening at detectlon. The flow cell volume
;32 was Jjust small enough to limit broadening in the microbore
‘ié HPLC of polymers (36) since the flow cell volume was about a
WY factor of 10 less than detected solute peak volunmes,

.:E Since the RI gradient slgnal is quite sensitive to the
"EE eluting solute peak width, according to eq 19, it should be
23- possible to exploit this dependence to more sensitively
.%é probe changes in polymer samples, as may occur in processing
iza conditions. 1In particular, the flow unit could be used to
‘Ek rapldly assess the polydispersity of a polymer sample or to |
;ﬁi characterize 1llnear and branched polymers. Polymer |
3%; molecular veight and polydispersity generally require
’%? continuous monitoring to achieve consistent products, and it
~§? would be extremely useful to measure the polymer molecular
_Es weight and polydispersity directly. Since the RIG detector
béa sensitivity 1s highly dependent upon the variance of the
f;; solute elution profile (26,27), one could use the flow
T

2z

g |
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> method to take advantage of the hydrodynamic properties of
ii}: dilute polymer solutions to sensitively distinguish polymers
f?ﬁ based upon translational diffusion differences, which
'Lﬁ' influence the solute elution profile variance. To
\ X
E:‘ accomplish such a task, one would need to consider all
N
::E: contributions to solute broadening, or dispersion, since
ok

both £flow and spontaneous translational diffusion are

T

h;: coupled (44-48). However, 1f one operated wunder
Egs experimental conditlons such that the spontaneous broadening
:%ﬁ of the solute profile as it enters the flow cell (which is
:E; governed by hydrodynamic behavior) dominated over all other
535 broadening mechanisms, then thlis broadening effect would be -

a4
]
22

dependent upon the translational diffusion properties of the

oy ™ P TER

és solute in the solvent. The net result would be to encode
'fz solute size properties into the detected solute
:fu concentration profile, which would be sensitively monitored
:ag by the RIG detector.

ig The ability to obtain molecular size information
éf without chromatography or elaborate studies would indeed be
Eﬁ extremely useful. Calibration curves could be established
SE% rapidly, with the flow method well suited to process control
g? applications. As a tool for theoretical studies, the flow
isgé method should offer a viable alternative to either light
GE{ scattering or ultracentrifugation for providing molecular
'S: size information, as correlated to translational diffusion
%E; properties of macromolecules. The capability of the device
!..
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i:: for the study of very dilute solutions, 5 x 10-* to about
é;? 1 x 16-° g/ml, would allow one to assume "infinite" dilution
?47 conditions for many applications. In some cases, it may
?, prove important to put another detector in series and down-
f'g line from the RIG detector to provlde necessary
:S normalization to constant injected solute mass, in order to
fﬁ: construct the callibration of RIG data to molecular size
L?I properties. The RIG detector may also prove useiul if
’:é interfaced with field flow fractionation (49-51).

gf As currently developed, the refractive index gradient
{E; detector has many useful characteristics which make it
}:f extremely attractive as the detector of cholce in a variety
R of applications. It ylelds universal detection. Since a
f:; non-absorbing wavelength (780 nm) 1is used, there is no
5? requirement to search for a transparent solvént as 1is the

case with absorbance detectors. Also, since detection 1is

fﬁ: not based on absorption, no derlvatization 1is required to
xiz enhance detector sensitivity and no wavelength selection
o

5' element (e.g., monochromator) is requlred. For that matter,
ig wavelength interference, often a problem with absorbance
:; based detectors, would be rare since few chemical specles
e

o absorb at this wavelength. Comparison studies with a UV-Vis
l%ﬁ detector have shown that the RIG detector exceeds the UV-Vis
Viﬁ LOD even at excellent absorbing wavelengths and, of course,
\6' is far superior in the many analytical cases when a good
l. *

0
5’ absorbino wavelength 1Is unavailable. The system 1s very
i}
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i
( ) simple to set up and operate, particularly when using the
f& PSD version. In fact, 1in the majority of cases the PSD

<

S

ﬁf version would be the configuration of choice due to its
o

extreme simplicity and ease of operation compared to the

interferometric version.

2o

? : The prospects of conducting rapid polymer
Eﬁ: characterization and process monitoring are especially
;E: promising. And unlike conventional RI detectors, the RIG
ﬁgﬁ detector may be used with gradients, as previously
1h€ discussed.

§% The detector should be very amenable to incorporation
iEEE into a small portable device. The integral components of
el the diode laser head, assoclated power supply, objective
:Si lens, flow cell, and photodiode could easily be built into a
ng compact unit, with a chamber built-in for rapld interchange
o

2

of various types of flow cells. Optimal positioning of the

LS

device could easily be accomplished with a rotational

N

o

fjg micrometer positioning thumbwheel for the angular
iﬁ orientation of the flow cell, and a similar translational

<$§ micrometer for positioning the photodiode surface. For
§ extremely sensitive detection in the interferometric mode,

‘;{ plezoeletric final positioning could be done, and a feedback

: circuit built-in to maintain fine positioning for optimal

5 performance. Electrical connections to facilitate data

:;i acquisition would complete the unit.
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