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Several properties of Teflon®-AF liquid-core optical-fiber (LCOF)
sample cells relevant to their utility in analytical Raman spectros-
copy have been investigated. These include the nature and extent
of cladding-related background and its effect on signal-to-noise ra-
tio, and the dependence of intensity enhancement on LCOF length,
core diameter, excitation wavelength, and scattering wavelength.
Significant improvements in signal-to-noise ratio relative to conven-
tional sampling techniques were demonstrated in LCOFs filled with
dilute (6 X 102 M and 6 X 10-¢ M) aqueous solutions of phenyl-
alanine. A maximum intensity enhancement factor of approximately
120 was measured by using 50 pm i.d. LCOFs filled with methanol
and 532 nm excitation. Enhancement in 785 nm-excited spectra was
found to vary with Raman shift in a manner consistent with self-
absorption by high-overtone vibrational bands in the core liquid.
Index Headings: Raman spectroscopy; Teflon®-AF; Liquid-core op-
tical fiber; Waveguide capillary cell; Liquid-core waveguide.

INTRODUCTION

The ability of liquid-core optical-fiber (LCOF) sample
cells to significantly enhance both the intensity and sig-
nal-to-noise ratio of spontaneous Raman spectra was first
demonstrated by Walrafen and Stone in the early 1970s.!
Using 75 pm i.d. fused-quartz capillaries up to 25 meters
in length filled with benzene and tetrachloroethylene,
they reported intensity enhancements of as much as 3000
relative to conventional sampling arrangements and the
detection of a number of previously unseen bands. Sub-
sequently, Walrafen?>* and other workers>!* used glass-
and fused-silica-clad LCOFs to acquire Raman spectra of
a variety of high-refractive-index liquids. However, in
spite of demonstrated optical advantages, LCOF sam-
pling has yet to achieve widespread popularity in Raman
spectroscopy. This circumstance is due in large part to
the fact that the high refractive index of silica (n = 1.46),
coupled with the requirement for total internal reflection
that the refractive index of the core exceed that of the
cladding, severely limits the choice of core liquids. Most
liquids of analytical interest, including the vast majority
of aqueous solutions, have refractive indices well below
that of silica.

Walrafen and Stone recognized the limitations imposed
by silica-based glasses and recommended the use of low-
refractive-index materials, such as Teflon®,' to extend
LCOF sampling to a wider range of liquids. However, at
the time of their work Teflon® capillaries of suitable op-
tical quality were unavailable.? Within the last six years,
a number of LCOFs capable of guiding light through wa-
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ter (n = 1.33) have been fabricated from the clear, amor-
phous, low-refractive-index (n = 1.29-1.31'%) copoly-
mers of 2,2-bistrifluoromethyl-4,5-difluoro-1,3-dioxole
and tetrafluoroethylene sold by DuPont under the trade
name Teflon®-AE LCOFs based on plastic and glass cap-
illaries coated internally with Teflon®-AE">-1° glass cap-
illaries coated externally with Teflon®-AE?%?! and capil-
laries made entirely of Teflon®-AF?>-2¢ have been report-
ed. Quite recently, the ability of Teflon®-AF-based
LCOFs to enhance the intensity of spontaneous Raman
spectra of low-refractive-index liquids has been demon-
strated.?>?> In the present paper we address several issues
relevant to the practical application of liquid-core Tef-
lon®-AF fibers in Raman spectroscopy. In particular, we
consider the dependence of intensity enhancement on
LCOF length and diameter, the extent of fluorescent and
Raman background generated in the LCOF wall and their
effect on signal-to-noise ratio, and the dependence of
both intensity and signal-to-noise enhancement on exci-
tation wavelength.

EXPERIMENTAL

LCOF Fabrication. The Teflon®-AF 2400 capillary
tubing used in this work was manufactured by a tech-
nique described previously.?? The tubing was water-clear
and highly flexible. Loss measurements were performed
on several samples of tubing ranging in inside diameter
from 50 to 355 pm. Raman experiments were conducted
with 50 pm i.d. X 200 pm o.d. and 150 pm i.d. X 400
pm o.d. tubing.

LCOFs were formed by mounting the Teflon®-AF tub-
ing in end cells similar to those described previously.?
The end cells are based on standard 1/16 in HPLC tees
fitted with small adapters having interior diameters slight-
ly larger than the outer diameter of the tubing and ter-
minating in 150 pm thick fused-silica windows. The
adapters used in this work were somewhat larger than the
SMA-connector-based devices described previously and
use O-ring seals rather than epoxy, thereby allowing the
windows to be removed for cleaning. Light was launched
into the proximal end of the LCOF simply by focusing
through the window. Liquid was introduced into the
LCOF with the use of a peristaltic pump fitted with sil-
icone rubber tubing. In most cases only a single end cell
was used; the distal end of the LCOF was placed in a
waste receptacle, or, in the case of loss measurements, in
a small windowed receptacle attached to a power meter.

Loss Measurements. The loss characteristics of
LCOFs ranging in inside diameter from 50 to 355 pm
were measured at 532 nm with a low-power frequency-
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doubled diode-pumped YAG laser (MeshTel-Intelite
Mesh 101-GM32) and a power meter (Newport Model
815). In all cases, the LCOFs were filled with methanol
(Fisher Optima), which was pumped continuously
throughout the measurement process by using a peristal-
tic pump fitted with silicone rubber tubing. The methanol
was used as received, without further purification of fil-
tering. Light was launched into the LCOFs with the use
of a 10X, 0.25 NA (numerical aperture) microscope ob-
jective. The measured full angle of divergence of the la-
ser light was approximately 6°. The relative positions of
the laser and objective were kept the same between mea-
surements to ensure that the same launch numerical ap-
erture was used with each LCOE Unlike previous work
in which loss was measured by adjusting the position of
a solid silica optical fiber inside the liquid-core fiber,20.22
all measurements reported here were performed by using
a cutback method? in which the length of the LCOF was
successively reduced through a series of cuts. Although
it is destructive, the cutback method was adopted because
of the difficulty of finding and working with silica fibers
small enough to fit inside 50 pm i.d. LCOFs and to en-
sure uniformity between measurements. The loss mea-
surements were performed on LCOFs ranging in length
from approximately 55 to 95 cm, which were subsequent-
ly cut in 5 to 10 cm increments with a scalpel. The po-
sition of the proximal end of the LCOF was adjusted
prior to the start of each measurement sequence to max-
imize transmitted laser intensity. Measurements of emit-
ted power were made prior to cutting the full-length
LCOF and subsequent to each cut. Attenuation (dB) was
calculated on the basis of the ratios of the power emitted
from the LCOF after each successive cut to the power
emitted after the final cut. Loss (dB/m) and standard de-
viation were determined by linear least-squares fit to the
attenuation vs. length data.

Raman Measurements. Raman spectra were mea-
sured with two Kaiser Optical Systems HoloLab 5000
Raman microscopes. One Raman microscope was opti-
mized for 532 nm excitation and the other for 785 nm
excitation. The HoloLab 5000 Raman microscope con-
sisted of an integrated Raman spectrometer system inter-
faced to an Olympus BX-60 microscope using a fiber-
optic probehead. The integrated Raman spectrometer sys-
tem,?® the fiber-optic probehead,?®?° and the microscope
interface3® have been described previously. Briefly, laser
light from the integrated Raman spectrometer system was
delivered to the fiber-optic probehead through a 50 pm
core diameter graded index (GI) optical fiber. The probe-
head spectrally filtered the laser light to remove Raman
light and luminescence generated in the optical fiber. The
filtered laser light was collimated and delivered to the
microscope interface. The microscope interface delivered
the collimated laser light through the infinity-corrected
objective lens of the microscope and into the LCOE The
interface also included a video camera that provided a
real-time image of the face of the LCOF and the focused
laser spot on the LCOF entrance window.

Light scattered from the LCOF followed the laser light
path back into the probehead where the Raman scattered
light was separated from the laser light and injected into
a single 1.9 m long, 0.27 NA 100 pm core diameter GI
optical fiber with the use of a 10X, 16 mm effective focal
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length (EFL) microscope objective. This optical fiber de-
livered the Raman scattered light to an axial transmissive
spectrograph®! inside the integrated Raman spectrometer.
The spectrograph used a 50 pm entrance slit, a holoplex
transmission grating,3? and an 85 mm focal length lens to
focus the Raman spectrum onto a charge-coupled device
(CCD) detector. The linear dispersion was 2.5 cm™! per
detector pixel for the 532 nm system and 2.0 cm™! per
detector pixel for the 785 nm system. The holoplex trans-
mission grating split the Raman spectrum in half and
stacked the halves on top of each other at the CCD de-
tector, allowing simultaneous acquisition of the entire Ra-
man spectrum (spectral coverage 100 to 4400 cm™! for
532 nm excitation and 100 to 3500 cm™! for 785 nm
excitation).

Each Raman microscope was calibrated in wavelength
to sub-pixel accuracy by fitting a neon emission spectrum
from a Kaiser Optical Systems external calibration ac-
cessory to a third-order polynomial®** using HoloGrams
software. The exact laser wavelength was then deter-
mined from a cyclohexane spectrum with the use of the
band position values published by Fountain et al.3* The
intensity axis of the 532 nm Raman microscope was cor-
rected with the use of the NIST-traceable incandescent
source in a Kaiser Optical Systems external calibration
accessory. The incandescence spectrum was blackbody-
corrected in photons per wavenumber. Intensity axis cor-
rection for the 785 nm microscope was not available.

All Raman experiments were performed in the back-
scattering geometry described above. Methanol (Burdick
and Jackson high-purity solvent, GC-HPLC grade, n =
1.33) was chosen for the meastrements of intensity en-
hancement because its band system is well suited to an-
alyzing enhancement as a function of Raman shift. It was
used as received, without further purification or filtration.
Dilute (6 X 1072 M and 6 X 10-* M) solutions of phe-
nylalanine (Aldrich, 99%) in deionized water (17.3 M(}
cm) were used to study signal-to-noise enhancement. The
phenylalanine was used as received. The solutions were
passed through a 0.45 pm filter (Gelman PTFE acrodisc)
immediately prior to use. The numerical aperture of the
LCOFs (approximately 0.3 for both methanol and dilute
aqueous solutions) was well matched to the input optic
of the 532 nm system (a 10X, 16 mm EFL, 0.3 NA
microscope objective), but larger than that of the 785 nm
system (a 10X, 16 mm EFL, 0.25 NA objective).

RESULTS AND DISCUSSION

Fluorescence/Raman Background. Spectra of empty
Teflon®-AF capillary tubing acquired at 785 nm showed
no indication of fluorescence. However, Fig. 1 shows that
spectra of the same tubing acquired at 532 nm are dom-
inated by a broad fluorescence peak centered near 1500
cm™!. The intensity of this feature was observed to decay
significantly on the time scale-of minutes under 532 nm
irradiation. At this time we are unable to identify the
source of fluorescence; however, the presence of similar
features in the spectra of raw Teflon®-AF 2400 pellets
indicates that it is not created by degradation of the Tef-
lon®-AF during the capillary manufacturing process. The
existence of this strong fluorescence peak raises concern
about the level of signal-to-noise ratio improvement that
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Fig. 1. Spectrum of wall of empty 50 pm i.d., 200 pm o.d. Teflon®-

AF 2400 LCOF acquired with 532 nm excitation.

might be achieved by using Teflon®-AF-based LCOFs.
However, as discussed below, the LCOFs were found to
provide significant signal-to-noise ratio enhancement de-
spite the presence of this feature. We therefore made no
attempt to temporarily or permanently bleach the capil-
lary tubing.

LCOF Loss. The loss characteristics of LCOFs of var-
ious diameter are shown in Fig. 2. These are, to our
knowledge, the only data ever acquired on the variation
in loss with diameter for low-refractive-index-core
LCOFs. Data points labeled with the same letter corre-
spond to LCOFs fabricated from capillary tubing cut
from the same spool. The error bars represent the stan-
dard deviation calculated for the individual LCOF on
which the loss measurement was performed. Although
ray models predict loss that varies inversely with core
diameter in cases where reflection loss is the primary
source of attenuation® (as would be expected here), it is
clear from Fig. 2 that factors other than inside diameter
can be important in determining loss. Beyond this con-
sideration, the data in Fig. 2 seem to suggest that loss
may increase significantly at very small diameters. How-
ever, we are hesitant to draw this conclusion without data
on LCOFs of similar size made of tubing fabricated in
different manufacturing runs and are in the process of
preparing more extensive tests. Given that the loss char-
acteristics of LCOFs directly affect Raman signal inten-
sity, we believe that it is worthwhile to (nondestructively)
measure loss prior to selecting capillary tubing for use in
LCOFs. This approach may be particularly important in
quantitative analysis, where the relative contributions of
LCOF loss and analyte concentration to observed inten-
sity must be understood.

Intensity vs. LCOF Length. The intensity of Raman
radiation produced by LCOFs in backscattering geometry
has been predicted to vary with LCOF length according
to the equation?

=B e (1)
2a

where Py is the Raman power, P, is the laser power, o
is the (base-e) LCOF loss coefficient, x is the LCOF
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FiG. 2. Loss vs. diameter for methanol-filled LCOFs. The total length
of LCOF cut in each measurement is shown in the figure. LCOF wall
thicknesses are as follows: (A) 75 pum; (B) 125 um; (C) 138 pm; (D)
280 pm; (E) 81 pm; (F) 140 pm; (G) 64 pm; (H) 230 pm.

length, and K is a constant related to the scattering cross
section of the core liquid and collection angle inside the
LCOE Equation 1 is based on the assumptions that LCOF
loss is characterized by a single exponential and that the
loss coefficient is the same for both the laser and Raman
scattered radiation. To test the validity of this equation
for the Teflon®-AF LCOFs used in this work, we simul-
taneously measured Raman intensity and transmitted la-
ser intensity as functions of LCOF length for a 150 um
i.d. LCOF using the cutback method. The section of cap-
illary used here was different from that used to obtain
the loss data shown in Fig. 2. We used 532 nm rather
than 785 nm excitation to avoid high vibrational overtone
absorption bands that significantly increase the loss of
methanol-filled LCOFs in the near-infrared.>® The results
of this measurement are plotted in Fig. 3, which shows
Raman intensity of the 2834 and 2943 cm~' C-H stretch-
ing bands in methanol and laser beam attenuation as
functions of LCOF length. The solid lines in Fig. 3 rep-

45 9]
] - 14

40 12
> ]
£ 35 10
c ]
S P~
E 307 8 2
c 1 | P
@ [
E ] 6 5
o 25 | 3
4 1 3
g R
= 2.0 i
% ] @ Relative Raman Intensity Lo
o« ] B “Attenuation (dB) +

15 b Lo

1.0 A e . T -2

Length (m)

FiG. 3. Raman intensity and 532 nm laser attenuation as functions of
LCOF length in 150 pm i.d., 400 pm o.d. Teflon®-AF 2400 LCOF filled
with methanol.
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FiG. 4. Spectra of methanol in 98 cm long, 50 pm i.d. LCOE 393 cm
long, 150 pm i.d. LCOF and vial acquired with 532 nm excitation in
single 0.5 second acquisitions. Absolute peak positions are shown in
parentheses.

resent linear least-squares fits to the anticipated functional
forms of the data (Eq. 1 in the case of Raman intensity
and linear increase in the case of laser attenuation). It is
seen that both the measured Raman intensity and trans-
mitted laser power conform well to the anticipated func-
tional forms. Further, the loss coefficients calculated from
the Raman intensities (¢ = 0.83 m™! or 3.6 dB/m) and
laser transmission measurements (o« = 0.81 m™! or 3.5
dB/m) are in good agreement and indicate that this sec-
tion of capillary has higher loss than that used to obtain
the data in Fig. 2.

It is easily seen from Eq. 1 that the Raman intensity
produced by an LCOF in backscattering geometry reach-
es a maximum value of

P K
P RMax — 2L (2)
o

when the physical LCOF length is much greater than its
attenuation length, x, (distance along the fiber at which
the laser intensity falls to 1/e of its original value), where

X, =~ 3

In order to obtain the maximum possible Raman intensity
and avoid intensity variations related to LCOF length,
LCOFs at least several times longer than the attenuation
length were used in all experiments described below.
Enhancement vs. LCOF Diameter. Figure 4 shows
spectra of methanol acquired by using 532 nm excitation
in (1) a 98 cm long, 50 pm i.d. LCOE (2) the same 393
cm long 150 pm i.d. LCOF used for the Raman intensity
vs. length measurements, and (3) a 3.8 cm deep vial that
provided no enhancement through waveguiding. The
spectra were obtained with laser power levels of 1.8, 1.7,
and 11 mW, respectively, and were scaled by factors of
1, 2.3, and 19.9 respectively, to make the absolute heights
of the 2834 cm~! C-H symmetric stretching peaks the
same in each spectrum. In all cases the spectra were ac-
quired in a single 0.5-second accumulation. Therefore the
approximate intensity enhancement factors relative to the
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vial are 122 for the 50 pm i.d. LCOF and 56 for the 150
pm id. LCOE (Enhancement factors based on peak
heights relative to the spectral baseline are approximately
1% lower in the case of the 50 pm i.d. LCOF and 7%
lower for the 150 pm i.d. LCOE) The power emitted
from the distal end of the waveguide was 0.17 mW in
the case of the 50 pm i.d. LCOF and 0.05 mW in the
case of the 150 pm i.d. LCOE Loss values calculated

from input and output laser power (10.5 dB/m for the 50

pm i.d. LCOF and 3.85 dB/m for the 150 pm i.d. LCOF)
are artificially high because they do not account for cou-
pling loss. Nevertheless, they indicate that the loss of the
50 pm i.d. LCOF is greater than that of the 150 pm i.d.
LCOE They also show that both devices were long com-
pared to their respective attenuation lengths.

Three features of Fig. 4 are notable. First, the enhance-
ment factor appears to be wavelength independent in both
LCOFs. While this observation is not surprising, it is in
distinct contrast to the results that were obtained when
785 nm excitation was used. Second, the baselines of the
spectra acquired in the LCOFs appear to be shifted rel-
ative to that of the spectrum in the vial. At present we
lack a quantitative explanation for this shift. While the
spectrum acquired in the 50 pm i.d. LCOF suggests that
the baseline might include a component of Teflon®-AF
fluorescence, the offset in the spectrum acquired in the
150 pm i.d. LCOF does not appear to follow the profile
expected from the fluorescence spectrum in Fig. 1. Fi-
nally, it is clear from Fig. 4 that 50 pm i.d. LCOF pro-
vided greater intensity enhancement than the 150 pm i.d.
LCOFE The fact that the smaller-diameter, higher-loss
LCOF provides greater enhancement than the larger
LCOF is particularly striking and might seem counter-
intuitive. We believe that it is due in large part to differ-
ences in the efficiencies of coupling light from the
LCOFs into the graded-index fiber used to return light to
the spectrograph. Unfortunately, several factors compli-
cate quantitative determination of the coupling efficien-
cies. These include the virtually complete lack of exper-
imental data on the spatial and/or angular dependence of
Raman light emitted from any type of LCOF and con-
comitant difficulty of modeling the coupling process,?’
and the experimental difficulty of measuring the propa-
gation of Raman light through the HoloLab 5000 micro-
scopes. However for a more qualitative estimate of rel-
ative coupling efficiencies we can make the following
assumptions: (1) The 100 pm core GI fiber that conveys
light from the Raman probehead to the spectrograph is
the only relevant light-limiting element in the system—
that is, light is randomized in this fiber and emerges with
the same spatial and angular properties regardless of the
source (LCOF) diameter. (2) The microscope images the
face of the LCOF onto the face of the GI fiber. (3) The
LCOFs are perfectly round, and the Raman output of
each LCOF is Lambertian within the solid angle of ac-
ceptance of the microscope. And (4) the local NA of the
GI fiber is that of a standard parabolic index fiber in
which cladding and leaky skew rays can be neglected.
Under these assumptions, it can be shown that the ratio
of the coupling efficiencies of the two LCOFs to the Ra-
man spectrograph is given by3*
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where m, and m; are the coupling efficiencies of the
LCOFs whose respective core radii are smaller and larger
than that of the GI fiber, b, and b, are the core radii of
the smaller and larger LCOFs, and a is the core radius
of the GI fiber. Evaluating Eq. 5 shows that the coupling
efficiency of the 50 pm i.d. LCOF is approximately 4
times greater than that of the 150 pm LCOE We believe
that this factor is consistent with the observed differences
in Raman intensity. However, we note that other factors
may be involved and that different results should be ex-
pected in Raman apparatus having different optical trans-
fer systems.

Enhancement vs. Wavelength. Spectra of methanol
taken with 785 nm excitation in the same 393 cm long,
150 pm i.d. LCOF and 1.5 m. deep vial used in the 532
nm work are shown in Fig. 5. The larger, lower-loss 150
pm i.d. LCOF was chosen for this work under the as-
sumption that absorption in the liquid core would play a
greater role in determining overall waveguide loss than
in the case of the smaller 50 pm i.d. LCOE Both spectra
shown in Fig. 5 were obtained with 88 mW of input laser
power in a single 0.25-second-long acquisition. The pow-
er emitted from the LCOF was 0.5 mW, indicating that
the physical length of the LCOF was much greater than
its attenuation length and that the loss of the methanol-
filled LCOF is considerably higher at 785 nm than at 532
nm. This increase in attenuation has been observed be-
fore?236 and can be attributed to absorption by high-over-
tone hydrogen stretching vibrations.

Three differences are immediately apparent when the
spectra in Fig. 5 are compared to those in Fig. 4. First,
the relative intensities of the methanol peaks change dra-
matically when the excitation wavelength is shifted from
532 to 785 nm. This is an artifact related to the decrease
in CCD quantum efficiency with wavelength. As men-
tioned above, a detector response curve was unfortunate-
ly unavailable for the 785 nm system. Second, compari-

son of Figs. 4 and 5 indicates that the LCOF provides
greater intensity enhancement with 532 nm excitation
than with 785 nm excitation. This is almost certainly due
to the higher attenuation of methanol-filled LCOFs at 785
nm than at 532 nm. However, because the 532 and 785
nm experiments were performed in different systems it is
conceivable that differences in microscope optics have
some influence on the observed results. Finally, it is seen
in Fig. 5 that the intensity enhancement provided by the
LCOF is strongly wavelength dependent. Specifically, the
enhancement factors in the 785 nm spectra are 37 at 1033
cm~!, 22 at 1450 cm~!, and 9 at 2834 and 2943 cm™'.
By contrast the spectra in Fig. 4 indicate little variation
in intensity enhancement.

We attribute the decrease in enhancement over the 785
nm spectrum to the increased loss of the LCOF as the
wavelength is increased. The effect of self-absorption on
Raman spectral intensity has been studied in detail pre-
viously in conjunction with more highly attenuating sam-
ples, 3% as well as dilute solutions of resonance-en-
hanced analytes in glass LCOFs.!213 Very recently, Song
et al.?> reported 5X greater enhancement of the 1003
cm~! Raman peak in benzene than the 1074 cm™! peak
in 0.1 M aqueous NaHCO, in experiments involving Tef-
lon®-AF LCOFs with 785 nm excitation, and attributed
the difference to absorption in the water core. Similarly,
in the present case we believe that the differences in in-
tensity enhancement can be attributed to self-absorption
by high-overtone vibrational bands of the core liquid.
With a comparison of the absolute peak positions of the
Raman spectra in Fig. 5 to previously reported loss spec-
tra of methanol in Teﬂon®—AIf-based LCOPFs,36 it can be
seen that the 2835 cm ™! (1010 nm) and 2942 cm™! (1021
nm) Raman C-H stretching peaks which are least en-
hanced in the LCOF coincide with the peak of an “in-
tense’’ loss feature that can most likely be assigned as a
C-H overtone combination band.’! Similarly the 1450
cm™! (866 nm) Raman CH, bend peak is located at the
edge of a weaker absorption feature that can probably be
assigned as a third-overtone C-H stretching band.>! The
1033 cm™! (854 nm) Raman CCO stretch peak that ex-
periences greatest enhancement in the LCOF overlaps
with the significantly weaker tail of the same third-over-
tone C-H band. By analogy with these results it can be
assumed that the broad, intense second-overtone OH ab-
sorption band centered near 977 nm in water® (Raman
shift of approximately 2500 cm™! with 785 nm excitation)
will more effectively attenuate Raman light in aqueous
solutions and potentially render LCOFs less beneficial in
this region.

The extent to which self-absorption will complicate an-
alytical measurements in LCOFs will depend on how the
optical properties of the core liquid vary between sam-
ples. In situations where the core optical characteristics
remain approximately constant (analysis of most dilute
aqueous solutions, for example), the primary conse-
quence should be performance degradation in certain
spectral regions analogous to that already caused by var-
iation in grating and detector efficiency. In quantitative
analysis no correction factors should be necessary other
than those obtained through routine calibration of the in-
strument with standard solutions. In qualitative analysis
it should be possible to employ relatively straightforward
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mer (vial) spectrum was multiplied by 30.3 and offset for comparison.
Inset shows relative baseline noise.

corrections procedures similar to those developed for de-
tector/spectrograph response. However, in both quantita-
tive and qualitative applications where the core optical
properties vary significantly between samples (or where
the excitation frequency must be changed between sam-
ples) the problem of self-absorption becomes more dif-
ficult. In these cases it will likely be necessary to intro-
duce well-chosen standards into each sample or to use
more complicated correction factors similar to those de-
veloped for resonance Raman**# applications.

Signal-to-Noise Ratio Enhancement. Figure 6 shows
spectra of 1 wt % (6 X 10-2 M) phenylalanine in water
acquired by using 25.7 mW of 532 nm radiation in a 92
cm long, 50 pm i.d. Teflon®-AF 2400 LCOF and a vial
that provided no enhancement due to waveguiding. The
former (LCOF) spectrum is the sum of 100 0.1-second
acquisitions, while the latter (vial) spectrum is the sum
of three 10-second acquisitions. The spectrum acquired
in the vial was multiplied by a factor of 30.3 to make the
peak-to-baseline height of the 1004 cm™! ring-breathing
peak (shown off-scale in Fig. 6) equal to that of the same
peak in the LCOF spectrum. Therefore, the LCOF en-
hanced the intensity of the phenylalanine spectrum by a
factor of approximately 91. It is seen by comparison with
Fig. 1 that the section of spectrum shown in Fig. 6 in-
cludes the region of most intense Teflon®-AF fluores-
cence. Nevertheless, it is evident from Fig. 6 that the
signal-to-noise ratio of the spectrum acquired in the
LCOEF is significantly better than that acquired in the vial
even though the total acquisition time was a factor of
three shorter. The extent of the signal-to-noise improve-
ment can be seen more clearly in the inset of this figure,
which shows a section of the spectrum containing no phe-
nylalanine peaks. Although it is not shown in Fig. 6,
close inspection of the phenylalanine spectrum shows no
evidence of Teflon®-AF Raman peaks in the 700-850
cm~! region.

Spectra of 0.01 wt % (6 X 10~* M) phenylalanine in
water acquired at 532 nm in the same 92 cm long, 50
pm i.d. LCOF and vial used for the 1 wt % phenylalanine
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Fic. 7. Spectra of 0.01% aqueous phenylalanine in vial (sum of 16
10-second acquisitions) and 92 c¢m long, 50 pm i.d. LCOF (10-second
and 100-second acquisition times) using 25.7 mW of 532 nm radiation.
The intensity of the former (vial) spectrum was multiplied by 5.7 and
that of the latter (100-second LCOF) spectrum divided by 9.2 to obtain
similar intensity values.

measurements are shown in Fig. 7. The spectral region
in Fig. 7 was chosen to show the 1004 cm~! phenylala-
nine ring-breathing peak. The LCOF spectra were ob-
tained under two sets of acquisition conditions (100 0.1-
second accumulations and 100 1-second accumulations
in which the water OH band was saturated), while the
spectrum in the vial was acquired with 16 10-second ac-
cumulations. In all cases the incident laser power was
25.7 mW. It is clear once again that signal-to-noise ratios
of the spectra acquired in the LCOF are far superior to
that of the spectrum acquired in the vial, although the
latter involved longer acquisition time. In fact the signal-
to-noise ratio is so poor in the spectrum acquired in the
vial that conclusive identification of the phenylalanine
peak is questionable.

Spectra of 1% phenylalanine acquired by using 86.5
mW of 785 nm radiation in a 41 cm long, 50 wm i.d.
Teflon®-AF 2400 LCOF and a vial are shown in Fig. 8.
The former (LCOF) spectrum was acquired with 20 0.5-
second accumulations, while the latter (vial) spectrum
was acquired using a single 20-second accumulation and
was further multiplied by a factor of 29 to equalize the
peak-to-baseline heights of the 1004 cm™! peaks in the
two spectra. In spite of the reduced intensity enhancement
at 785 nm and the difference in acquisition times, it is
clear from Fig. 8 that the signal-to-noise ratio of the
LCOF spectrum is substantially better than that of the
spectrum acquired with the vial. Comparing the data in
Fig. 8 with those in Fig. 5 also indicates that, as in the
case of 532 nm excitation, the 50 pm i.d. LCOF provided
greater enhancement than the 150 pm i.d. LCOE How-
ever, the fact that the spectra irt'Figs. 8 and 5 were ac-
quired by using different core liquids precludes quanti-
tative comparison. (The enhancement at 1004 cm™! cal-
culated from the data in Fig. 8 is approximately 54 based
on absolute peak heights or 58 based on peak-to-baseline
values. Less enhancement would be expected near the
977 nm absorption band of water; however, phenylala-
nine lacks Raman bands in this region.)
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Fic. 8. Spectra of 1% aqueous phenylalanine in vial (one 20-second

acquisition) and 41 c¢m long, 50 pm i.d. LCOF (sum of 20 0.5-second
acquisitions) using 86.5 mW of 785 nm laser radiation. The former
(vial) spectrum was multiplied by a factor of 29. Neither spectrum is
corrected for detector response.

CONCLUSION

We have investigated several properties of Teflon®-AF
2400 LCOFs with respect to their utility in analytical
Raman spectroscopy. Both raw Teflon®-AF pellets and
Teflon®-AF capillaries were found to emit photobleach-
able fluorescence peaking at a shift of approximately
1500 cm™! when excited with 532 nm radiation. The ob-
served fluorescence may contribute to a baseline shift ob-
served in Raman spectra acquired in the LCOFs. How-
ever, it does not appear to adversely affect signal-to-noise
ratio, and spectra of dilute (6 X 102 M and 6 X 10~*
M) aqueous phenylalanine acquired in LCOFs were
found to have significantly better signal-to-noise ratios
than similar spectra acquired in conventional cells.

The dependence of Raman intensity on LCOF length
was measured at 532 nm in backscattering geometry with
the use of a methanol-filled LCOF and found to agree
well with the functional form predicted by Walrafen.? The
variation in Raman intensity enhancement with LCOF
diameter was investigated by using the same core liquid,
excitation wavelength, and collection geometry. A max-
imum intensity enhancement factor of approximately 120
was achieved with a 50 pm i.d. LCOE while somewhat
less enhancement was obtained from a lower loss 150
pm i.d. LCOE This result was shown to be consistent
with the ability of the Kaiser HoloLab 5000 microscope
used in this work to more efficiently couple to the small-
diameter LCOE It also emphasizes that the optics of the
complete spectroscopic system must be considered if
maximum enhancement is to be derived from an LCOF
cell.

The effects of excitation and scattering wavelength on
intensity enhancement were investigated with the use of
150 pm 1.d. LCOFs filled with methanol. Enhancement
factors in 532 nm-excited spectra were found to be con-
stant over the measured spectral region, while those in
785 nm-excited spectra were found to vary in a manner
consistent with absorption by high-overtone vibrational
bands in the core liquid. In analytical applications where
the optical properties of all samples are similar, it is likely

that spectral distortion due to overtone absorption can be
corrected through straightforward procedures similar to
those already used to account for variations in detector
and spectrograph response. However, in situations where
the core optical properties vary significantly between
samples (or where the excitation frequency must be
changed between samples), it will likely be necessary to
introduce well-chosen standards into each sample or use
more complicated correction factors similar to those de-
veloped for resonance Raman**#* applications.

On the basis of the observed intensity and signal-to-
noise ratio enhancements, we believe that Teflon®-AF
2400 LCOFs should be well suited to use in biological,
environmental, or other applications where factors such
as small scattering cross sections, sensitivity to laser pow-
er, low analyte concentrations, and/or rapid sampling re-
quirements mandate the use of nonstandard sampling
techniques. The small volume (two microliters per linear
meter) of the 50 pm i.d. LCOFs in particular should make
them attractive for use in HPLC or other techniques
where sample volume is limited.
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