1) Check for updates

Applied
Spectroscopy

Article

WWW.S-a-s.0rg

Applied Spectroscopy

0(0) 1-7

© The Author(s) 2019

Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/0003702819848501
journals.sagepub.com/home/asp

Two-Dimensional Correlation
Spectroscopy (2D-COS) Studies
of Solution Mixtures in the Low

®SAGE
Frequency Raman Region
Shuyu Xu', D. Bruce Chase', John F. Rabolt', and Isao Noda'2®
Abstract
Raman spectra of a series of binary solution mixtures, including chloroform (CHCI;), ethanol (EtOH), and 1,1,1,3,3,3-

hexafluoro-2-propanol (HFIP), were analyzed using the two-dimensional correlation spectroscopic (2D-COS) technique in
the low frequency region. Numerous asynchronous cross-peaks ubiquitously appeared in the concentration-dependent
Raman spectra of these organic solvent mixtures. The result clearly demonstrated a deviation from ideal solution behavior,
reflecting the presence of specific molecular interactions causing a subtle nonlinear spectral intensity response of Raman
bands to the concentration changes. Furthermore, the combination of 2D-COS and low frequency Raman spectroscopy
was extended to poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate] (PHBHXx) copolymer solutions in CHCI;-HFIP
co-solvents. The results suggest the existence of hydrogen bonding interaction between the PHBHx and HFIP, which is

consistent with the previous infrared spectroscopic study of PHBHx solutions.
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Introduction

Signals arising from the low frequency Raman region can
provide molecular conformational information and insight
into the interaction of chains in a crystal. The spectral
modes observed in this region originate from weak
bonds, translational and rotational lattice modes in
ordered solids, intrachain accordion modes, etc.'
However, Raman spectra specific to the low frequency
region have not been readily accessible on current Raman
instruments for the last 20 years until the recent devel-
opment of volume holographic grating (VHG) tech-
niques.2 Due to VHG, the strong elastic Rayleigh
scattering can be largely suppressed, allowing the subtle
molecular information carried in the low frequency
Raman modes to become observable. The analysis of
low frequency Raman vibrations of materials has now
been applied extensively to polymeric, pharmaceutical,
forensics, and especially for the identification of poly-
morphic structures during the crystallization process.375
The low frequency Raman modes of polymorphic struc-
tures of crystals are not only very distinguishable from

each other, but also can be much more intense com-
pared to that of higher frequency Raman modes.

In addition, two-dimensional correlation spectroscopy
(2D-COS) has been shown to be a useful technique for
analysis of spectra from materials under perturbation,
such as temperature, pressure, systematic change in the
concentration of mixtures, and so on. It is well known
that 2D-COS enhances the resolution of spectra by spread-
ing the spectral features along the second dimension.
Two-dimensional COS spectra consist of two orthogonal
parts. The synchronous correlation spectrum indicates how
similarly separate peaks change under the perturbation,
either in the same direction or in opposite ways. In con-
trast, the asynchronous correlation spectrum is a measure
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of out-of-phase changes in peak signals under the given
perturbation, which is a measure of the intensity changes
among the peaks occurring in sequence instead of simul-
taneously. The detailed interpretation rules of 2D-COS
have been reviewed extensively in the literature.*™"°

In general, mixtures of two liquids are often entirely
miscible in all proportions to give a single liquid solution.
CHCI; and EtOH, for example, can be mixed at any arbi-
trary ratio to form a single solution. For an ideal solution
mixture, the molecular interactions between the constitu-
ents are concentration-independent; macroscopic proper-
ties of the mixture, such as volume and vapor pressure, are
strictly proportional to the composition of components in
the pure state. In this work, we re-examined the ideal
nature of several pairs of simple binary solvent mixtures,
such as CHCI;—EtOH and toluene—-EtOH, in the low fre-
quency Raman region by applying 2D-COS analysis. If a
binary mixture behaves as an ideal solution, spectral
changes in the intensity variations must be synchronized;
therefore, no cross-peak in the asynchronous 2D correl-
ation spectrum should be expected. We have also extended
the analysis of 2D-COS into the low frequency Raman
spectral region of PHBHx solution in CHCI;—HFIP co-sol-
vent system, which elucidated subtle interactions between
PHBHx and HFIP.

Experimental
Materials and Sample Preparation

Poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate]
copolymer was supplied by the Procter and Gamble
Company (Cincinnati, OH, USA), with 3.9 mol% Hx con-
tent, M,,=843000g/mol, and PDI=2.2. All the other
chemicals were purchased from Sigma-Aldrich and were
used as received with no further purification. The samples
of binary organic mixtures were prepared at various com-
binations of concentrations. Binary mixtures of CHCl; and
EtOH (CHCI;-EtOH), for instance, were prepared with
increasing molar fraction of CHClI;, denoted as nc, from
pure EtOH (nc=0) to pure CHCIl; (nc = 1.0). As for the
preparation of polymer solutions, 10 wt% PHBHx was dis-
solved in CHCI;—HFIP co-solvents at different molar frac-
tions of HFIP, from pure CHCI5 (ny =0) to 10 mol% HFIP in
CHCI3-HFIP (ny=0.1). The polymer solutions were kept
at room temperature and stirred overnight to insure a
thorough dissolution of the PHBHx. The preparation and
denotation of other organic solvent mixtures followed a
similar description and recipe as stated above.

Raman Measurements and Two-Dimensional
Correlation Spectroscopy Analysis

The Raman spectra were recorded using a Kaiser
Holospecl.8 Raman Spectrograph (Kaiser Optical
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Systems, Inc.) equipped with a TE cooled Andor charge-
coupled device detector (Oxford Instruments) and an
Ondax XLF-CLM probe head and 785nm laser (Ondax,
now a part of Coherent, Inc.). The Raman instrument had
a numerical aperture of 0.9 with a magnification of 65x.
This instrumental arrangement allowed access to Raman
frequencies as low as 10 cm™'. The Raman spectra were rec-
orded using 785 nm excitation with approximately 84 mW
laser power and a 30s exposure. The 2D-COS analysis
was executed using the 2D-Shige software developed
by Shigeaki Morita (Osaka Electro-Communication
University).

Results and Discussion
Binary Solvent Mixtures

The binary mixtures of chloroform and ethanol were first
investigated because chloroform is a good solvent for many
polyesters. In contrast, ethanol can be a rather poor solv-
ent for these polymers at room temperature. Hence, the
mixture of chloroform and ethanol is a convenient pair
of co-solvents that can control the precipitation and sub-
sequent crystallization process of polymers. The Raman
spectra of CHCIl;—EtOH mixtures at various molar ratios
of CHCI; to EtOH were obtained and are shown for
both the “fingerprint” (Fig. la) and low frequency region
(Fig. Ib), respectively. With increasing molar fraction of
CHCI; (n¢) in the CHCI;-EtOH mixture, the intensities
of the CHCI; peaks gradually increased, while those of
EtOH correspondingly decreased. The intensity of the
—CCl3 stretching vibration of the CHCIs, for instance,
showed a seemingly linear relationship as a function of nc
(Fig. Ic). At first glance, this linear dependence of the
Raman intensities upon the concentration could be easily
considered as a sign of ideal solution behavior with no
intermolecular interactions within the CHCI;-EtOH mix-
tures. Later we will show that is not the case in the 2D-
COS studies.

In the low frequency Raman spectra of CHCI;—-EtOH, a
broad peak centered ~20 cm™', which dominates this so-
called Rayleigh wing region, appeared with increasing nc.
Although Rayleigh scattering was effectively blocked by
the VHG notch filters at very low Raman frequencies
(<10em™), the presence of the broad Rayleigh wing,
reaching approximately 100cm™, hindered the further
spectral interpretation of this low Raman band. The
Rayleigh wing features stem from the various contributions
of the relaxational effects. They include the diffusional rota-
tion of molecules, which sometimes results in a profile
approximated by a Lorentzian peak centered at the
Rayleigh line. To minimize the large interference from the
diffusional rotation of molecules dominating the low fre-
quency Raman region, a Lorentzian peak can be con-
structed for subtraction by using the intensities of two
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Figure 1. The Raman spectra of CHCl;—EtOH mixtures with nc increasing from 0 to | in (a) the “fingerprint” region of 500—

1500 cm™" and (b) the low frequency region of 0-200 cm™

selected data points, for instance 25cm™' and 35cm™, and
removed from the raw spectrum.

To extract the subtle molecular information from the
low frequency Raman spectra, two steps of pre-processing
of the raw spectra were carried out before 2D-COS ana-
lysis: (1) the subtraction of a Lorentzian peak from the
spectrum to remove the contribution from diffusional rota-
tion of molecules; and (2) the spectrum obtained from (1)
was then used to calculate the so-called reduced Raman
spectrum as defined below to further remove the thermal
population effects, instrument response, and the effects of
the fourth power dependence of scattering on the
frequency.I -3

R(AV) = I(AD) - (iaser — AV) AT [1 _ exp(_ lkAT>]
B

(1)

R(AV) and I(AV), respectively, refer to the reduced intensity
and measured Raman intensity of a Raman peak at AV, V.,
is the frequecy of the laser excitation, /, ¢, kp, and T rep-
resent Planck’s constant, the velocity of light, the Boltzmann
constant and temperature, respectively. The reduced Raman
spectra of CHCI;—EtOH and toluene-EtOH with various
concentration combinations were calculated and are
shown in Fig. 2a and 2b, respectively.

Compared with the raw spectra, more features
appeared in the reduced Raman spectra of CHCI;—EtOH.
The peak center shifted to ~50cm™' after removal of the
Rayleigh wing contribution. In addition, a weak and broad
peak began to appear above 100cm™' at nc=1.0. As for
the low frequency Raman peaks of toluene—EtOH mixtures,
a clear difference was found from that of CHCI;—EtOH.
There are two peaks observed at ~75cm™" and 220cm™,
with an increase in the molar fraction, n, of toluene.
Computational calculation, such as density function
theory (DFT), would indeed further specify the assignments
of the low frequency Raman modes, but it is beyond the

. (c) Raman intensity of —CCl; stretching at 672 cm™" as a function of nc.
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Figure 2. Reduced Raman spectra of (a) CHCl;—-EtOH and
(b) toluene—EtOH in the low frequency region.

scope of this article. To resolve the peaks in the low fre-
quency region and correlate these low frequency signals
with regular Raman signals, the reduced Raman spectra of
CHCI;—EtOH and toluene—EtOH were further analyzed
using 2D-COS.

Based on the interpretation rules of 2D-CQOS, for a truly
ideally mixed binary solution where the solvents are



thoroughly miscible, and no concentration-dependent inter-
action exists, no cross-peaks should be observed in the
asynchronous 2D-COS. However, a number of asynchron-
ous peaks were seen in the CHCIl;—EtOH (Fig. 3a, lower
panel). The existence of the asynchronous signals revealed
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some deviations from the ideal solution mixture behavior.
These deviations could stem from the difference that the
molecules of one species (e.g, CHCI3) interacting with
the identical species from that interacting with the other
species (e.g., EtOH) in the surrounding solution, which
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Figure 3. Two-dimensional COS synchronous (upper row) and asynchronous (lower row) spectra of CHCI3—EtOH in (a) the regular
Raman region and (b) the low frequency Raman region. (c) Two-dimensional COS synchronous (upper row) and asynchronous (lower
row) spectra of toluene—EtOH in the low frequency Raman region.
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Figure 4. (a) Molecular structure of PHBHx (left) and HFIP (right). (b) Two-dimensional COS synchronous (upper) and asynchronous

(lower) spectra of CHCI3—HFIP solvent mixtures.
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resulted in the difference, in which the response occurs at
higher concentrations, as shown in Fig. 3a. It should be
noted that handling moderately unevenly collected spectra
as if they are under a fixed increment, as conducted in this
study, actually generates results essentially with no adverse
effect. Signs and basic appearance of cross-peaks are the
same, but the magnitude is slightly modified.'®'*

Applying 2D-COS analysis in the low frequency Raman
region provided more details. A low frequency mode was
found at ~150cm™ in the 2D-COS of CHCl;—EtOH
(Fig. 3b), which indicated the presence of subtle molecular
interactions. The hetero-mode 2D correlation between the
low frequency with regular Raman regions further illu-
strated that this concentration-dependent molecular inter-
action was correlated with ethanol. This result could be
due to the restricted translation existing among the ethanol
molecules.'>'>'¢  Similarly, out-of-phase peak intensity
changes also existed in the asynchronous 2D-COS of the

(a) —

toluene—EtOH system, demonstrating again that deviations
from an ideal solvent mixture behavior exist (Fig. 3c).
In addition to a low frequency mode synchronous with
EtOH at ~170 cm_', several more peaks were observed
in the 2D-COS of toluene—EtOH. Also, there were two
more peaks synchronous to toluene. One was at
~220cm™', while the other one was at ~80cm™', with
the latter being tentatively assigned to the rotatory mode
of toluene.'""'” As demonstrated, 2D-COS has unambigu-
ously provided enhanced spectral resolution to reveal
subtle interactions existed in binary solutions.

PHBHXx in HFIP-CHCI3

PHBHx is a novel type of bio-produced, biodegradable
polymer (Fig. 4a, left).'® Previous infrared (IR) spectro-
scopic studies in our group have found that both CHCI;
and HFIP are good solvents for PHBHx. However, the
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Figure 5. (a) Reduced Raman spectra in the carbonyl region of 10wt% PHBHx in CHCI;—HFIP co-solvent, from pure CHCI; to
10 mol% HFIP in CHCI3—HFIP. (b—d) Two-dimensional COS synchronous (upper) and asynchronous (lower) spectra of 10 wt% PHBHXx in
CHCI3—HFIP co-solvent in (b) the carbonyl region, (c) the low frequency region heterogeneously correlated with carbonyl region, and

(d) the low frequency region.



carbonyl stretching band of PHBHx in HFIP solution shifted
to lower frequency ~1720cm™ compared to PHBHx in
the CHCl;, where the band is found at ~1740cm™.
The low frequency band at approximately 1720cm™ is
also observed in the a-crystalline form of solid PHBHx.
In fact, this band is often used as the indication of crystal
formation in PHBHXx. Interestingly, a shift of the carbonyl
group was also found for the chemically synthesized atactic
homopolymer, poly(3-hydroxybutyrate) (aPHB) in the HFIP
solution, which cannot form crystals.I9 Thus, the shift of the
carbonyl vibration of PHBHx in HFIP did not result from
PHBHx crystal growth in the HFIP. We therefore proposed
that this shift was due to the hydrogen bond formed
between the hydroxyl group of HFIP interacting with the
oxygen in the carbonyl. The strong electronegativity of fluor-
ine in the HFIP makes its hydroxyl hydrogen more acidic.

As shown in the 2D-COS of CHCI;—HFIP mixtures in
the low frequency region, a mode at ~160 cm™ was found
synchronous with HFIP but asynchronous with CHClI;
(Fig. 4b). Since similar peaks are found in the CHCl;-
EtOH and toluene—EtOH mixtures, we hypothesize that
this restricted translational mode at ~160cm™' is related
to the hydrogen bonded network formed between the
alcohol molecules.

We also studied the PHBHXx solution with CHCI;—HFIP
co-solvents with increasing HFIP concentration (Fig. 5a).
The results showed that, by increasing HFIP concentration
in the PHBHx/CHCI;—HFIP solutions from 0 up to
10 mol%, the peak at ~1720cm™' could be resolved in
the 2D-COS of Fig. 5b. This observation indicated a gradual
increase of the peak at ~1720cm™' and a decrease of the
peak at ~1740cm™" with increasing HFIP content. When
the carbonyl stretching region was correlated with low fre-
quency Raman peaks in the hetero-mode 2D-COS of
Fig. 5¢c, the low frequency vibration at 150cm™' was
found to be synchronous to the carbonyl peak of PHBHx
at 1720 cm™". Since the peak at 150 cm™ was related to the
hydrogen bonding in solution, the synchronization of hydro-
gen bonds and the carbonyl group at 1720cm™ could be
supportive of the formation of hydrogen bonding between
the hydroxyl group of HFIP and the carbonyl group of
PHBHXx. This result is consistent with our IR observations.
Interestingly, the low frequency Raman mode of the hydro-
gen bonded network in PHBHx/CHCI;—HFIP solution,
centered at 150cm™', is slightly lower than that in the
CHCI3-HFIP co-solvent, which is found at approximately
160 cm™'. This difference could be explained if the carbonyl
groups of PHBHx are partially replacing the hydroxyl
group of HFIP to from the hydrogen bonded network in
the solution. Since the electronegativity of the oxygen
in the carbonyl group of PHBHXx is weaker than that of
the oxygen in the hydroxyl group of HFIP the Raman
mode of the hydrogen bonded network could shift to the
lower frequency, from 160cm™ to 150cm™', as shown
from the spectral data.
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Conclusion

Application of 2D-COS to low frequency Raman spectra
can be a very powerful tool to study subtle molecular inter-
actions at high resolution. By using these two techniques,
we have demonstrated the existence of deviations from
the ideal solution behavior in simple binary organic solvent
mixtures, such as CHCI;—EtOH. In addition, the hetero-
mode 2D-COS of PHBHx/CHCI;—HFIP solution revealed
a low frequency mode of HFIP at ~160cm™', which
could be correlated to the carbonyl peak of PHBHx at
~1720cm™". This low frequency mode was assigned to
the hydrogen bonded network in the HFIP and suggested
the formation of hydrogen bonding between the HFIP and
PHBHx that blue shifted the carbonyl group of PHBHXx
from ~1740cm™ to ~1720cm™".
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