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A new method for obtaining room-temperature terahertz (THz) absorption spectra of aqueous-phase bio-
molecules in the frequency range 1–21 THz (35 cm�1–700 cm�1) is reported. The spectrum for L-proline
was acquired by solvating the amino acid within the nanometer-sized interior water pool of reverse
micelles dispersed in transparent n-heptane. Terahertz spectra of H2O, D2O and the effect of L-proline
concentration and micelle size are discussed, and the results are compared to spectra of solid-phase L-
proline and Gaussian calculations.

Published by Elsevier B.V.
1. Introduction

Terahertz vibrational modes typically involve the low fre-
quency, collective atomic motions of molecules, which include
both inter- and intramolecular interactions. Thus, terahertz spec-
troscopy of biomolecules in aqueous environments is becoming
an important approach for identifying their global and transient
molecular structures as well as directly assessing hydrogen-bond-
ing and other detailed environmental interactions [1–5]. However,
a significant challenge in obtaining the terahertz absorption spec-
tra of aqueous biomolecules is the high-molar absorptivity of
room-temperature water in the spectral range of 0.5–10 THz
(17 cm�1–333 cm�1 with peak molar absorptivity of 9 L mol�1

cm�1 at 6 THz) [6].
In this Letter, we report a novel method for acquiring terahertz

spectra of biomolecular species in liquid water at room tempera-
ture in nanoscale reverse micellar structures. To avoid bulk water
absorption, we solvate biomolecules within the interior water pool
of size-controlled reverse micelles dispersed in a transparent non-
polar solvent [7,8]. The highly soluble amino acid, L-proline (aque-
ous concentrations up to 6.7 mol L�1), is encapsulated within
aerosol-OT (AOT) reverse micelles dispersed in n-heptane, and is
examined in the frequency range of 1–21 THz (33 cm�1–
700 cm�1) by FTIR spectroscopy. The effect of L-proline concentra-
tion and reverse micelle size on the terahertz spectrum is reported,
and the results are compared to the far-infrared spectra of solid-
phase L-proline and Gaussian calculations of the zwitterionic struc-
ture (see Scheme 1). In addition, terahertz absorption spectra of
H2O and D2O within reverse micelles formed from negatively
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charged and neutral surfactants (AOT and Brij-30, respectively)
have also been carefully characterized for various reverse micelle
sizes.

2. Experimental methods

Reverse micelle solutions were prepared from the following
chemicals: sodium bis(2-ethylhexyl) sulfosuccinate (also known
as aerosol-OT or AOT; Sigma–Aldrich), Brij-30 (Sigma–Aldrich),
anhydrous n-heptane (Sigma–Aldrich), cyclohexane (Mallinkrodt),
deionized water (�18 MX cm�1), and perdeuterated water (Sig-
ma–Aldrich) [9]. All chemicals were used as received. A stock solu-
tion of surfactant in nonpolar solvent was prepared and sonicated
at 293 K for 40 min to ensure thorough mixing. Deionized water
was added by micropipette (for example, 10–200 lL) to 10 ml ali-
quots of the stock solution to give the desired mole ratio,
w = [H2O]/[surfactant]. The resulting dispersion was sonicated for
at least 20 min and then allowed to equilibrate overnight at room
temperature. A successful sample preparation resulted in a clear,
single-phase solution, as determined by visual inspection.

Specifically, all AOT reverse micellar dispersions had a total
concentration of 0.024 mol L�1 AOT in n-heptane. The amount of
water within the dispersion is reported by the mole ratio of water
to surfactant: w = [H2O]/[AOT]. The values of w for water-filled re-
verse micelles ranged from 1 to 20 for H2O and 1 to 15 for D2O.
Brij-30 reverse micellar solutions had a concentration of
0.2 mol L�1 Brij-30 in cyclohexane and w values ranging from 1
to 5 for H2O and D2O. Within the range of values examined here
(w < 20), w is found to vary linearly with the particle size for
water-filled AOT and Brij-30 reverse micelles, and the hydrody-
namic radii of these reverse micelles range from approximately 2
to 5 nm [10–12]. For the preparation of reverse micelles containing
L-proline, a solution of L-proline (ICN Biomedicals, Inc.) [9] dis-
solved in water was added to the AOT stock solution with w values
ranging from 1 to 12 for H2O and w = 5 for D2O. The mole fractions,
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Fig. 1. Terahertz absorption spectra of water in reverse micelles of various w values
compared to spectra of bulk H2O [6] and D2O [27] (solid gray curves), respectively.
(a) H2O in 0.024 mol L�1 AOT/heptane reverse micelles. (b) D2O in 0.024 mol L�1

AOT/heptane reverse micelles. The arrows indicate the direction of spectral change
as w increases. (c) H2O in 0.2 mol L�1 Brij-30/cyclohexane reverse micelles. (d) D2O
in Brij-30/cyclohexane reverse micelles. The silicon windows of the static cell and
polyethylene window of the detector result in negligible transmission between
585 cm�1 and 630 cm�1 preventing analyses in this region.

Scheme 1. Proline structure in water. Cooksey and Heilweil CPL.
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vPro, of L-proline in the aqueous solutions were 0.05, 0.11, and 0.20
(saturated, 6.7 mol L�1).

Samples of solid L-proline were prepared from a 100 mg mix-
ture of L-proline (mass fraction of L-proline is 0.1) and spectropho-
tometric grade, high-density polyethylene (Micro Powders, Inc.
<10 lm particle size) [9]. Samples were pressed in a 13 mm diam-
eter vacuum die at pressures of approximately 1.38 MPa (200 psi),
resulting in a �1.5 mm thick pellet.

All terahertz absorption measurements were made using a
Nicolet Magna 550 Fourier transform infrared spectrometer (THz-
FTIR), modified with a silicon-coated broadband beam-splitter
and a deuterium triglyceral sulfide (DTGS) room-temperature
detector fitted with a high-density polyethylene window. The sam-
ple compartment was purged for at least 45 min to eliminate water
vapor before acquiring spectral scans. All spectra were taken at
room temperature and represent an average of 192 interferometric
scans with a spectral resolution of 4 cm�1. Solution-phase samples
were injected into a static cell equipped with two 3-mm thick
high-resistivity (>2000 X cm) silicon windows obtained from ICL,
Inc. [9]. The liquid pathlength was adjusted between 0.5 mm and
4.2 mm using Teflon spacers to maintain spectral intensities within
the linear absorption range of the instrument (<2.5 optical density,
OD).

Raw transmission spectra were converted into optical density
units by ratioing sample spectra, T, against the reference spectra,
T0, according to the equation, OD = �log10(T/T0). Consistent with
a previous absorption study of reverse micelles, we used the spec-
trum of the stock solution of the surfactant in the nonpolar solvent
without the addition of water, w = 0, as the reference for a given
micellar sample [13,14]. For the solid L-proline sample, a polyeth-
ylene-only pellet (total mass of 100 mg) served as the reference.
Multiple (P3) spectra were taken for each sample over several
days to ensure consistency. Absorption measurements taken at
various pathlengths enabled the calculation of the molar absorp-
tivity spectrum of water in the reverse micelles according to
Beer–Lambert Law. The relative error in molar absorptivity values
derived from estimates of the error in concentrations and mea-
sured OD was found to be less than 10% (method of uncertainty
analysis: type b, k = 1).

3. Results and discussion

3.1. Characterization of terahertz spectra for H2O and D2O in reverse
micelles

Fig. 1 presents the molar absorptivity of water within reverse
micelles of various w values. This spectral region has not previ-
ously been examined, despite publications of other far-infrared
and infrared absorption spectra of water within reverse micelles
[13–20]. The broad, librational absorption band, centered at
680 cm�1 in bulk H2O and at 497 cm�1 in bulk D2O, has been as-
signed to the restricted rotational motions of individual water mol-
ecules, while the 200 cm�1 absorption band in bulk H2O and D2O
has been assigned to the intermolecular hydrogen-bond stretching
mode [21]. Results concerning the librational absorption band will
be discussed first, followed by a discussion of the hydrogen-bond
stretching mode.
In Fig. 1a, the absorption spectrum of H2O in AOT reverse
micelles is compared to the bulk H2O spectrum. Encapsulation of
H2O within AOT reverse micelles results in a red shift and increase
in the maximum molar absorptivity of the librational band relative
to the bulk H2O spectrum. The magnitude of these changes
increases as w decreases. The greatest red shift (160 cm�1) and
increase in molar absorptivity (17 L mol�1 cm�1) occurs for the
reverse micelles with w = 1.1. These spectral changes are consis-
tent with previous measurements made by Schmuttenmaer and
co-workers [13]. They reported the infrared spectra for H2O in
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AOT reverse micelles in the spectral region of 400 cm�1–900 cm�1.
Their results indicate that the spectrum of water for AOT reverse
micelles approaches the bulk water spectrum as w increases,
essentially reproducing it for the largest reverse micelle investi-
gated, w = 40 (�104 water molecules per micelle). Schmuttenmaer
and co-workers observed an isosbestic point near 620 cm�1, which
was interpreted as evidence for a two-state system. They success-
fully modeled the change in the librational band as a function of w
assuming that water within the reverse micelles consists of two
types: a combination of trapped and bound water molecules at
the interface and bulk-like water residing within the interior of
the water pool [13,22]. Schmuttenmaer and co-workers suggested
that the red shift of the librational band of water in reverse mi-
celles arises from weakening of the hydrogen-bonding network
in the trapped and bound water region due to significant interfacial
interaction and high degree of orientation relative to the surfactant
headgroups. The enhancement in molar absorptivity was explained
as either increased amplitude librations due to weakening of the
hydrogen-bonding network or an increase in correlated molecular
motion. Other groups have also successfully applied the two-state
model to the OH (of H2O) and OD (of HOD) high-frequency
(2000 cm�1–3600 cm�1) stretching band of water in AOT reverse
micelles [17–19]. Unfortunately, we cannot confirm the existence
of an isosbestic point in this spectral region due to the strong
absorption interference of polyethylene and the cell windows.

To extend our understanding of the water librational band in re-
verse micelles, we obtained terahertz spectra of the librational
band of D2O in AOT reverse micelles (Fig. 1b). The dependence of
the peak position of the D2O librational band on w is qualitatively
similar to the case of H2O within AOT reverse micelles, except that
the band center is red-shifted due to the isotopic mass change. The
librational band of D2O in AOT reverse micelles occurs at lower fre-
quencies than the bulk D2O band, and the band red-shifts as the
amount of water in the reverse micelle decreases. The greatest
red shift (110 cm�1) from the bulk D2O librational band occurs
for w = 1.1 reverse micelles. The maximum enhancement in molar
absorptivity (4.4 L mol�1 cm�1) for D2O in AOT reverse micelles,
relative to the bulk spectrum, occurs for w = 1.1. In contrast to
H2O in AOT reverse micelles, the molar absorptivity of D2O for re-
verse micelles with w > 1.1 is less than bulk by as much as
4 L mol�1 cm�1. In addition, a well-defined isosbestic point was
not observed for the librational band of D2O in AOT reverse
micelles. Both of these observations indicate that the two-state
model, as applied to H2O in AOT reverse micelles, does not ade-
quately describe D2O in AOT reverse micelles.

To better understand the applicability of the core-shell model,
we obtained terahertz absorption spectra of the water librational
band in reverse micelles assembled from a surfactant with a neu-
tral headgroup. Fig. 1c and d depict the molar absorptivity of
H2O and D2O in Brij-30 reverse micelles. We find that the water
librational band in Brij-30 reverse micelles is essentially equivalent
to that of bulk water. The molar absorptivity and band position de-
pend very little on w in comparison to H2O and D2O in AOT reverse
micelles. The only exception to this is the water spectrum for D2O
in w = 1.1, Brij-30 reverse micelles. Each surfactant headgroup of
Brij-30 includes a hydroxyl group, which is susceptible to deutera-
tion upon exposure to D2O. The effect of surfactant deuteration
dominates the water spectrum for w = 1.1, Brij-30 reverse micelles
because of the low water to surfactant mole ratio. Thus, the
absorption spectra of water in Brij-30 reverse micelles do not sup-
port the hypothesis of distinct water types within the reverse mi-
celle interior, as proposed by the core-shell model. The lack of
distinct water types is reasonable because the hydrophilic head-
group of Brij-30 consists of a nonionic chain of four poly-oxo units
terminated with a hydroxyl group, resulting in a less well-defined
interfacial region in comparison to AOT, which has only a single
charged headgroup to solvate. Thus, terahertz spectra indicate that
the core-shell model is not generally applicable to water-filled
reverse micelles, and that the librational absorption band is sensi-
tive to interfacial interactions of water with the surfactant
headgroup.

The entire lower frequency, intermolecular hydrogen-bond
stretching band of water in reverse micelles has not been previ-
ously investigated in the far-infrared region at wavenumbers
greater than 66 cm�1 [15]. Similar to the librational absorption
band, the hydrogen-bond stretching band of H2O and D2O in AOT
reverse micelles is red-shifted from that of bulk water, with the
stretching band in the smallest micelles shifted by as much as
70 cm�1. However, no clear enhancement in molar absorptivity is
observed. Rather, the peak molar absorptivity of this band de-
creases by >2 L mol�1 cm�1 as the band shifts towards the band
center of the bulk water. In contrast, the hydrogen-bond stretching
mode of H2O and D2O does not red-shift in Brij-30 reverse micelles.
The molar absorptivity of the H2O mode in Brij-30 reverse micelles
is 3 L mol�1 cm�1 less than for the corresponding mode in bulk
water, and may be responsible for the decrease in molar absorptiv-
ity observed for the red edge of the librational band. The hydrogen-
bond stretching band for D2O in w = 3 and w = 5, Brij-30 reverse
micelles is essentially equivalent to the bulk D2O spectrum.

Previous studies of the OH- and OD-stretching mode of water in
the mid-infrared report a blue shift upon encapsulation of water
within reverse micelles [14,18,19]. The stretching band shifts to
higher frequencies as w decreases, and has been traditionally inter-
preted as evidence for a weakened hydrogen-bonding network.
The blue shift of this intramolecular mid-infrared band is consis-
tent with red shift of the low frequency, intermolecular hydro-
gen-bond stretching band seen for water in AOT reverse micelles.
However, we do not find any red-shifting of the hydrogen-bond
stretching band for water in Brij-30 reverse micelles despite previ-
ous observations of blue-shifting of the OH and OD stretch for
water within reverse micelles formed from other neutral surfac-
tants [14,20].

3.2. Terahertz absorption spectra of aqueous L-proline in reverse
micelles

Having measured and characterized the terahertz spectra of
water within reverse micelles as a function of w, size, and surfac-
tant, we investigated spectral changes for the addition of L-proline
to the water phase. Fig. 2 shows absorption spectra of aqueous-
phase L-proline within AOT reverse micelles where Fig. 2a and b
contain difference spectra. To generate these spectra, we assumed
that the contributions of L-proline and water are independent and
additive. Thus, a spectrum of L-proline and water in reverse mi-
celles with a given w was ratioed against the absorption spectrum
of water in reverse micelles with the same w value to generate a
difference spectrum of only L-proline in the reverse micelle. In
Fig. 2a, all absorption spectra of L-proline within AOT reverse mi-
celles have the same mole ratio of water to surfactant, w = 1.1;
however, the mole fraction of L-proline, vpro, in water changes
from 0.05 to 0.20. Three distinct absorption peaks (labeled A, B,
C) are observed for the saturated solution of L-proline, vpro = 0.20.
As the mole fraction of L-proline decreases, the peak intensities of A
and C decrease, leaving peak B as the only distinguishable peak at
the lowest mole fraction, vpro = 0.05 (approximately 2.2 mol L�1).
In Fig. 2b, the mole fraction of L-proline is held constant at
vpro = 0.20 while w varies from 1.1 to 12. Four distinct solute peaks
(labeled A, B, C, D) are visible in all spectra. As expected, the peaks
become more prominent as the overall amount of L-proline in the
sample increases from w = 1.1 to w = 5. However, this trend does
not continue for w > 7 where a significant portion of the spectrum
exhibits negative optical density changes (see below). In Fig. 2c, the



Fig. 2. Terahertz absorption spectra of aqueous L-proline in 0.024 mol L�1 AOT/
heptane reverse micelles. Difference spectra of L-proline only (water contribution
subtracted; see text) are shown in (a) and (b). Pathlength is 4.2 mm in (a) and
1.9 mm in (b). (c) Absorption spectrum of solid L-proline and (d) calculated DFT
spectrum of gas-phase L-proline.

Table 1
Terahertz frequency peak shifts of aqueous L-proline (vpro = 0.2) in reverse micelles as
a function of w.

w A
(cm�1)

B
(cm�1)

C
(cm�1)

D
(cm�1)

1 237 339 453 680
3 235 340 462 679
5 230 342 467 681
7 229 341 466 679
10 229 342 466 682
12 228 343 469 –b

Da �8 +3 +16 +2

a D represents the total shift in center frequency as w changes from 1 to 12. A
negative shift indicates a red shift and a positive shift indicates a blue shift. The
total increase in hydrodynamic radius represented by these w values is �2 nm.
Estimated error in D = ±1 cm�1.

b The peak location could not be determined due to noise in the difference
spectrum.

Fig. 3. Comparison of the terahertz absorption spectra of aqueous L-proline
dissolved in H2O and D2O and encapsulated within 0.024 mol L�1 AOT/heptane
reverse micelles.

Table 2
Frequency peak shifts of aqueous L-proline (vpro = 0.2) in reverse micelles (w = 5)
dissolved in H2O and D2O.

Solvent A
(cm�1)

B
(cm�1)

C
(cm�1)

D
(cm�1)

H2O 230 342 467 681
D2O 225 331 466 672
Da �5 �11 �1 �9

a D represents the shift in center frequency as the solvent changes from H2O to
D2O. A negative shift indicates a red shift and a positive shift indicates a blue shift.
Estimated error in D = ±1 cm�1.
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solid-phase absorption spectrum of L-proline is shown for compar-
ison. Four distinct, narrow absorption peaks are observed at 295,
373, 462, and 638 cm�1. Based on their similar frequencies and
intensities, we suggest that the modes responsible for these peaks
in the solid phase are the same modes observed in the difference
spectra of aqueous L-proline.

Clues to the nature of these modes can be found upon closer
examination of Fig. 2. The absorption peaks in Fig. 2a exhibit no
frequency shift as the mole fraction of L-proline in water increases.
However, two of the peaks in Fig. 2b shift as w increases. These re-
sults are summarized in Table 1. Both peaks A and C show signifi-
cant shifts in frequency. Peak A experiences an overall 8 cm�1 red
shift as w increases from 1 to 12 and peak C experiences a 16-cm�1
blue shift for the same w values; however, peaks B and D do not
shift. Since an increase in w correlates with an increase in size
for L-proline-containing reverse micelles (see below), this suggests
that the modes responsible for peaks A and C are sensitive to the
size of the reverse micelle. Additionally, we dissolved L-proline in
D2O in order to deuterate the labile amine and carboxylic acid hy-
droxyl protons. This solution was encapsulated in AOT reverse mi-
celles resulting in the difference spectrum shown in Fig. 3.
Comparison of this difference spectrum with the equivalent solu-
tion of reverse micelles containing L-proline in H2O reveals that
both peaks B and D experience significant red shifts of 11 cm�1

and 9 cm�1 while peaks A and C are nearly unperturbed. Thus,
we can assign the modes responsible for peaks B and D to signifi-
cant motion of the amine or hydroxyl protons in L-proline. The
measured frequency shifts are listed in Table 2.



Fig. 4. Hydrodynamic radii of 0.10 mol L�1 AOT/heptane reverse micelles filled with
aqueous L-proline, vpro = 0.2, are shown as a function of w (squares) with estimated
error limits. For comparison, hydrodynamic radii of H2O-filled reverse micelles are
also presented: 0.10 mol L�1 AOT/heptane (circles), 0.10 mol L�1 AOT/cyclohexane
(stars) [10], and 0.20 mol L�1 Brij-30/cyclohexane (diamonds) [12].
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To further illuminate our understanding of low-frequency
modes of L-proline, we performed GAUSSIAN-03 calculations to mod-
el the unsolvated vibrational spectrum of L-proline and visualize its
mode behavior [9,23]. We used the zwitterionic solid-state X-ray
structure of the protonated [24] and corresponding deuterated
species, and performed B3LYP/DFT frequency and intensity calcu-
lations using the 6-311+g(d) basis set with structure optimization.
Selecting higher-level electron bases did not change the calculated
frequencies but significantly extended calculation times. To mimic
the experimental spectrum, bandwidths were generated by con-
volving the GAUSSIAN-03 intensity output with a Gaussian function
having a full width half maximum of 25 cm�1. While a solid-state
periodic boundary DFT calculation would be more appropriate to
extract lowest frequency intermolecular vibronic modes [1], the
results from the GAUSSIAN-03 calculation, which only identifies
intramolecular modes, agrees reasonably well with the solid-state
and aqueous-phase terahertz spectra (see Fig. 2d). Four strongly
absorbing modes are identified in the region between 200 cm�1

and 600 cm�1 with positions and relative intensities similar to
the experimental results. These modes originate from motion of
all atoms; however, the collective motions responsible for peak B
are dominated by large amplitude motion of the zwitterionic
amine-hydrogen atom shared between the nitrogen and the near-
est carboxyl oxygen. Because of its potential for strong interaction
with solvent, relatively minor structural changes, and susceptibil-
ity to deuteration, we expect frequency shifts and intensity
changes of mode B to be most sensitive to aqueous solvation. These
expectations agree with the calculated vibrational spectrum for
deuterated L-proline species (not shown), as well as the experi-
mental solvation and isotopic substitution observations discussed
above. Further modeling with hydrogen-bonded solvent or
water-bridges is clearly warranted to gain a better picture of the
experimental observations.

In addition to the relatively narrow solute peaks observed in
Fig. 2a and b, we also observe two broad absorption features.
One is centered at �150 cm�1 while another weak band occurs
for frequencies >400 cm�1. Bands with frequencies <300 cm�1 are
typically assigned to intermolecular, hydrogen-bonding modes.
For the L-proline aqueous solution, the 150 cm�1 feature could be
the result of hydrogen bonding between L-proline and water,
neighboring L-proline molecules (for vpro = 0.20, each L-proline
molecule is solvated by approximately 4 water molecules), or both.
The group of bands in the solid-phase spectrum centered at
�120 cm�1 most likely originates from solid phonon bands, which
are due to intermolecular hydrogen bonding within the solid ma-
trix. Assignment of the 400 cm�1 absorption feature is more diffi-
cult. It is tempting to suggest that this feature is due to a
subtraction error since this feature occurs in the same spectral
region as the librational mode of water in AOT reverse micelles.
This subtraction error might also explain the broad absorption near
150 cm�1. However, both of these broad absorption features are
also visible in the difference spectrum when L-proline is dissolved
in D2O (Fig. 3), despite the fact that the librational band of D2O in
AOT reverse micelles is red-shifted by >100 cm�1.

As noted above, several difference spectra of L-proline within
reverse micelles in Fig. 2b exhibit significant regions of negative
optical density change. If our assumption that the intensity contri-
butions from L-proline and water are independent and additive,
then one would expect only positive optical density changes after
ratioing L-proline spectra against water-only spectra for the same
w value. One complication to performing the subtraction, which
generates the difference spectra, is the choice of water spectra.
We naively performed the subtraction for solutions with the same
water-to-surfactant mole ratio, w, assuming that L-proline-filled
reverse micelles and water-filled reverse micelles of equivalent w
have the same number and ‘type’ of water molecules within both
reverse micelle systems. However, Fig. 1a reveals that the absorp-
tion of H2O within AOT reverse micelles is most sensitive to w, and
therefore the size of the reverse micelles, in the spectral region be-
tween 350 cm�1 and 550 cm�1. This is identical to the region in
which negative optical density changes are observed for L-proline
encapsulated within AOT reverse micelles.

Because the concentration of the L-proline solution is significant
in these cases, L-proline-filled and water-filled reverse micelles of
equivalent w are likely to be significantly different in size, causing
the water to experience different interactions or degrees of con-
finement. Thus, it may be inappropriate to subtract the absorption
spectrum of equivalent w, and could result in ‘over-subtraction’ be-
tween 350 cm�1 and 550 cm�1. To explore this issue further, dy-
namic light scattering measurements were performed to obtain
the hydrodynamic radius of the reverse micelles containing L-pro-
line (see Fig. 4). Each sample was measured at 25 �C and two
detection angles, 30� and 90�, using a Scitech, Inc. ST-100 Variable
Angle Light Scattering Instrument. The hydrodynamic radius was
determined by a standard fitting procedure [9,25]. Measurements
for reverse micelles containing L-proline were compared to mea-
surements obtained for water-only filled reverse micelles of the
same w value. These data indicate that radii for both w values of
L-proline-filled reverse micelles examined are significantly (�1.5
times) larger than the radii of the corresponding water-filled
reverse micelles. Consequently, the w = 10, L-proline-filled reverse
micelle is more similar in size to a w = 20 or w = 25, water-filled
reverse micelle. Therefore, we attempted to subtract both of these
water spectra from the w = 10 L-proline-water absorption spec-
trum, but the negative optical density change remained in both
cases. One way to eliminate the possibility of a subtraction error
due to size discrepancies is to encapsulate L-proline within Brij-30
reverse micelles. The absorption spectra of water in Brij-30 reverse
micelles, shown in Fig. 1c and d, have minimal dependence on w
and reverse micelle size. Unfortunately, all attempts to prepare sta-
ble Brij-30 reverse micelles containing concentrated L-proline
failed. It is also possible that the negative intensities observed in
the difference spectra are due to highly correlated absorptive prop-
erties of water and L-proline [26] or water exclusion effects. In
addition, at these high-L-proline concentrations, the spectra may
be influenced by strongly associated water of hydration (water-
bridges), L-proline self-association to form multimers, or surfactant
interfacial charge effects. Further investigations are underway to
understand the origin of these unusual spectral observations of L-
proline within AOT reverse micelles.
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4. Conclusions

An approach for obtaining terahertz spectra of aqueous biomo-
lecular species in reverse micelles is presented, and details con-
cerning the observed water spectra, such as the effect of reverse
micelle size and choice of surfactant, are discussed. The amino acid,
L-proline, was encapsulated within AOT surfactant and dispersed in
n-heptane. Spectra of L-proline, solvated by both H2O and D2O,
were obtained at room temperature as a function of L-proline
concentration in various-sized reverse micelles, and four low-
frequency modes (<700 cm�1) were observed for aqueous concen-
trations greater than 3 mol L�1. These features correlate with
absorptions observed in solid-phase L-proline and modeled by
GAUSSIAN-03 DFT calculations. In addition, the modes are found to
shift in frequency, by approximately 10 cm�1, with changes in re-
verse micelle size and amine-hydrogen deuteration. Anomalous
‘negative’ absorption in the spectral region of 350 cm�1–
650 cm�1 occurs for concentrations of L-proline near saturation,
suggesting the presence of strong intermolecular interactions, sur-
face charge, or water exclusion effects. In addition, qualitative dif-
ferences in the water spectra are observed when comparing H2O
and D2O encapsulated within AOT and Brij-30 reverse micelles.
The new observations presented in this Letter require further
investigation, and related studies of other biomolecular species
will be reported in future publications.
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