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Abstract
Raman spectra of hydrogen-bonded water oligomers have been resolved from

concentration-dependent Raman spectra of tetrahydrofuran (THF)-water
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binary solutions with the use of multivariate curve resolution with alternating
least-squares (MCR-ALS) analysis, assisted by hypothetical addition multivari-

ate analysis with numerical differentiation (HAMAND) procedure. A total of
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38 Raman spectra acquired in the broad spectral range of 700-3810 cm ™' were
analyzed in a multistep procedure to explain the spectral variations in terms of
four components: pure THF, Spectra A, Spectra B, and Spectra C. A four-
component MCR-ALS analysis was performed with initial guesses by
HAMAND analysis to refine the spectral components and determine their con-
centration dependence. Of the MCR-ALS resolved three spectra, A was identi-
fied as THF(H,0), B as THF(H,0), with two hydrogens attached to THF, and
C as THF(H,0), having two or more linearly hydrogen-bonded oligomers of
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water (n=2-4). Observed spectral changes of the OH stretch vibrations of
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water and those of the C-C/C-O stretches of THF were well reproduced by
quantum chemical calculations. Formation of hydrogen-bonded water oligo-
mers in THF-water complexes has thus been revealed. The present study pro-
vides a new insight into the basics of hydrogen bonding formation in aqueous
systems. It also provides experimental methodology for extracting
concentration-dependent minor spectral components contained in complex

condensed-phase Raman spectra.
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1 | INTRODUCTION

properties of water. Such studies, however, have so far
been limited to extremely low temperatures in

Water makes a wide variety of hydrogen bonding with
itself and with other molecules, playing crucial roles in
many molecular systems of physical, chemical, and bio-
logical interests. Studies on hydrogen-bonded water olig-
omers are mandatory for a thorough understanding of
the water hydrogen bonding, as well as the bulk

supersonic-jet expansions or in rare gas matrices. Detec-
tion and characterization of hydrogen-bonded water olig-
omers at ambient temperatures still remains as a
challenge. In the present study, we choose the tetrahy-
drofuran (THF)-water binary system to detect molecular
complexes containing hydrogen-bonded water oligomers,
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THF:(H,0), where n=1-4, at room temperature with
multivariate curve resolution analysis of concentration-
dependent Raman spectra.

The complexes of THF and water have been studied
in great detail due to the wide-reaching importance in
industry.["?! Formation of cage-like molecular complexes
at low temperatures known as clathrates has been dis-
cussed extensively.!>””! Vibrational spectroscopy is well
suited for such studies because the formation and
destruction of hydrogen bonds can be well traced with
the variation in the molecular vibrational frequencies
and intensities specific to water. Mizuno and coworkers
studied the hydration of the oxygen atom in THF by
observing the concentration dependence of the C-H and
C-0 stretch vibrations with infrared spectroscopy and
1J(C-H) with NMR spectroscopy.'®! They suggested the
formation of 1:1 and 1:2 complexes of THF/water up to
the concentration of Xg,0 = 0.9, where Xi;,0 is the molar
fraction of water. Schultz and Vu studied the formation
of THF-water complexes using infrared spectroscopy at
temperature of —5°C.1! In their experiments, they used
carbon tetrachloride as an infrared inactive medium to
observe THF-water complexes formed by mixing 5-25
mM THF in water. On the basis of the wavenumbers and
intensities of the two OH stretches, they suggested the
formation of the 1:1 and the 1:2 complex. Vallejos and
Peruchena performed a detailed theoretical investigation
of molecular complexes of the THF with increasing num-
ber of water molecules.'”! They systematically studied a
wide variety of possible structures discussing their rela-
tive energies and populations. Ojha and coworkers stud-
ied the effect of water to the C-O and C-C stretch bands
of THF, at various concentrations."'®! Their work was the
primary Raman spectroscopic study on THF-water inter-
actions in the fingerprint region, discussing the features
near 900 cm'. Importantly, they reported the broaden-
ing of the strong the C-C stretch band due to the appear-
ance of a shoulder band in the presence of hydrogen-
bonded THF. Puryakastha and Madhurima focused on
the bulk properties of THF-water binary mixtures, also
reporting the infrared spectra,'!! whereas Sahu and
Leel'>!3! reported early theoretical investigations on the
THF-water 1:1 complexes.

In the water-rich domain of THF-water binary sys-
tem, the structure of complexes has been widely studied
because of the formation of clathrates,'*” appearance of
anomalous properties,"* ! and the particular applica-
tions in chemical industry.? However, interactions
between water and THF are yet unclear in the THF-rich
system, where the number of water molecules is too
small to form the well-known cage-like structures around
the THF molecules. Compared with the water-rich sys-
tem with abundant hydrogen bonds, the THF-rich system

is a relatively hydrophobic environment with scarce
hydrogen bonds. The water molecules are the minor
components, and it is reasonable to speculate that com-
plexes composed of single THF molecule with one or
more water molecules™” will be formed in this hydro-
phobic environment. Another interesting aspect in the
THF-rich system is that the water-water hydrogen bond-
ing may compete with the water-THF hydrogen bonding,
due to favorable energetics.!'”*® In order to understand
the actual structures of THF-water complexes in the
THF-rich system, the experimental spectral observations
are important. With this aim, we investigate the struc-
tures of THF-water complexes in the THF-rich system by
Raman measurements of binary solutions, focusing on
the concentration range of 0.884 to 1 Xtyr, where Xty is
the molar fraction of THF. After careful calibration of the
obtained datasets for relative Raman intensities, laser
power fluctuations, and density changes, the spectrum of
THF-water complexes were elucidated using the multi-
variate curve resolution with alternating least-squares
(MCR-ALS) assisted by hypothetical addition multivari-
ate analysis with numerical differentiation (HAMAND).

2 | METHODS

2.1 | Materials and sample preparation
Inhibitor-free THF was obtained from Tedia (Tedia Inc.,
OH, USA) and was used after purification to remove
water. A benchtop solvent purification system
(LC Technology Solutions Inc., SPBT-1) was used, which
utilized low-pressure nitrogen gas to force solvent
through various filter materials removing moisture and
impurities. Water (resistance 18.2 MQ) for experiments
was obtained by an ultrapure water filtration system
(Purity-SP) containing a filter (Millipak 40 Gamma Gold,
Millipore, Cat. No. MPGL04GK2, 0.22 pm). THF-water
solutions with 38 different concentrations, where a signif-
icantly large amount of THF is present relative to water
(THF mole fraction, Xryr>0.884), were prepared by
weighing (XS105 analytical balance with a readability of
0.01 mg, Mettler Toledo). The Raman spectra of these
solutions was obtained by measurements using 532-nm
laser. Both the sample preparation and Raman measure-
ments were completed within a day.

2.2 | Raman spectroscopic
measurements

A laboratory-built confocal Raman microspectrometer
with 532.2-nm CW Nd:YVO, laser (Verdi-V5, Coherent)
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was used. The laser wavelength was monitored and stabi-
lized by a high-resolution wavelength meter (WS-7,
HighFinesse) using a DC feedback. The laser power was
about 45 mW and was measured continuously during the
spectral acquisition using a laser power meter (UP19K-
15S-W5 power meter, Gentec-EO) coupled with a high-
resolution ADC (PCI-6281 multifunction DAQ, National
Instruments). The laser was directed into an inverted
microscope (iX71, Olympus) and was focused onto the
sample with a long working distance objective lens
(SLMPLN 20x, NA =0.25). The fingerprint and high-
wavenumber regions of Raman spectra were recorded on
two simultaneously controlled CCDs. Scattered light
below 580 nm was reflected toward the Acton spectro-
graph (SP-2500i, Princeton Instruments) equipped with
DU970N-BV, CCD (Andor). Scattered light above 580 nm
was transmitted through the dichroic filter toward the
Kaiser spectrograph (HoloSpec, {/1.8) and was detected
using DU971N-BV CCD (Andor). With this optical setup,
the Raman spectra of liquid samples placed in a quartz
cuvette were measured in the fingerprint and high-
wavenumber spectral region in conjunction with the
laser power in a synchronized manner, utilizing a

(a)
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computer program developed in LabVIEW.!'>*! The
exposure time for Raman measurements was 15s each
with acquisition of seven spectra per sample. A single
quartz cuvette was employed for all measurements. The
optical setup is shown in Figure 1.

2.3 | Data analysis

2.3.1 | Spectral correction

Observed spectra were intensity calibrated with the use
of the procedure described in our earlier work.**** In
brief, a correction (defined as C,) for the nonlinear sam-
pling of photons over the wavenumber axis and another
correction (defined as C,) for the relative sensitivity of
the Raman spectrometer derived from a tungsten lamp
assumed as a broadband blackbody emitter were applied
to all the recorded spectra. The power of incident laser
was monitored by a laser power meter in tandem with all
the Raman measurements. After all experiments, the
recorded laser power data were normalized. The spectral
intensity of THF-water Raman spectrum was then

Newton
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FIGURE 1 (a) The experimental setup of War\;ee[te:rgth toocfr:zzzrebh:ﬂﬂ Os‘bl‘;lc;:ﬁ 2Igns
the confocal Raman spectrometer used in the ( )
present work. In this Raman spectrometer, a
half-wave plate and a Glan-Taylor prism (GTP) (b)
are used to attenuate laser power. 532 LL
Quartz cell

represents laser line filter. Volume BNF Quartz cell
represents volume Bragg notch filters. Two CCD
detectors are used to measure a broad spectral
region spanning from 700 to 3810 cm .

(b) Sampling setup consisting of a holder fixed
to the microscope stage and on which the quartz
cuvette containing the sample was reproducibly
placed [Colour figure can be viewed at

wileyonlinelibrary.com]
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divided with the normalized laser power to correct for
the laser power variation in each measurement. The max-
imal laser power variation was found to be around 1.4%.
The density of the THF-water mixtures changes with the
concentration of the components in the binary mixture.
This affects the relative number of molecules present in
the confocal volume probed during the Raman measure-
ment. The known densities of THF-water binary mix-
tures at room temperature were used to determine the
required correction for the studied concentrations in our
experiments.*>?* See Section S1 in the Supporting Infor-
mation for more details about the corrections to the
recorded spectrum.

2.3.2 | Determination of the number of
principal spectral components

The number of principal components present in the mea-
sured concentration-dependent Raman spectra were esti-
mated by a singular value decomposition!**! (SVD)
analysis of the two-dimensional spectral dataset. The pre-
sent set of Raman data consists of 38 spectra that corre-
spond to the concentration of THF-water mixture from
0.884 to 1 mol fraction of THF (Xtyp). The number of dif-
ferent types of THF-water complexes is thought to
increase in the system with increasing water molecules.
Hence, the SVD analysis was performed on three differ-
ent sets of Raman spectra, which covered different ranges
of concentration: the full set of 38 spectra covering 0.884-
1 Xtur, the second set of 21 spectra that included 0.933-1
Xthr, and lastly a set of 8 spectra that included
0.977-1 Xrup.

2.3.3 | MCR-ALS analysis assisted by
HAMAND

HAMAND!?*?"! (see Section S2 of the Supporting Infor-
mation for details) quantitatively determines the contri-
butions of known standard spectra contained in complex
overlapping spectra. It facilitates the detection of weak
minor spectral components masked by overwhelming
spectra from dominant components. According to the
precedent SVD analysis, HAMAND was used in three
steps to extract the spectra of THF-water complexes
(Spectra A, B, and C), which were used as the initial
guess spectra for the subsequent MCR-ALS analysis. In
the first step, observed spectrum at Xtyprp = 0.977 was
analyzed by HAMAND to separate the spectrum of pure
THF and Spectrum A, where pure THF spectrum was
used as the known standard and Spectrum A was
obtained as HAMAND subtraction residual. In the

second step at Xppyp=0.933, pure THF spectrum and
Spectrum A obtained in the first step were used as the
standard to extract Spectrum B as the HAMAND subtrac-
tion residual. In the third step at Xtyr = 0.884, pure THF
spectrum and two complex Spectra A and B were used as
standard to obtain spectrum C. A four-component MCR-
ALS analysis'®®! (see Section S2 of the Supporting Infor-
mation) was then carried out with the use of HAMAND
extracted spectra as initial guess spectra to refine
Spectra A, B, and C and simultaneously determine their
concentration dependence.

3 | RESULTS
3.1 | Concentration-dependent Raman
spectra of THF-water solutions

Raman spectra of THF-water binary mixtures, after
intensity calibration procedure, are shown in Figure 2.
These spectra correspond to the binary mixture where a
large amount of THF is present relative to water. In these
spectra, the strong Raman peak at about 910 cm ! is the
most prominent feature, which is composed of a strong
C-C stretch at 914 cm ' and a much weaker C-O stretch
at around 910 cm ™', These vibrations of THF are sensi-
tive to the formation of hydrogen bonds with water.!'"!
The inset shows the OH stretch vibrations from THF-
water complexes observed in the present experiments.
Unlike the broad feature of the OH stretch bands
observed in bulk water, here, two well-defined
Lorentzian peaks are noticed whose spectral parameters
(intensity and bandwidth) changes with increasing water
concentration.

.
40 x10" 7] 750 OH stretch
5001 \
250+

A 2 -

0 T -
/ 3600 3400 3200
0 ~ \A/\L J\‘/\'Aj k
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FIGURE 2
concentrations (X7yr). The inset shows the zoom-in view of the OH

Raman spectra of water-THF solutions at different

stretch region [Colour figure can be viewed at wileyonlinelibrary.
com]
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3.2 | Determination of the number of
principal spectral components by SVD
analysis

The number of different types of THF-water complexes
is expected to increase in the system with increasing
water molar fraction. Hence, as described in Section 2.3,
SVD analyses were performed on three different set of
Raman spectra covering different ranges of concentra-
tions. The results of this analysis are summarized in
Figure 3. In the concentration range 0.977 < Xtur <1,
the SVD singular values are shown in blue color, where
the two relatively large singular values indicate that the
spectral changes in this concentration range are due to
two distinct components. In the concentration range
0.933 < Xtur <1, SVD singular values are displayed in
green color, where values of the third and the fourth SVD
component rise, in comparison with the blue points. This
fact indicates that, in total, there are four components
dominating the spectral changes, with the fraction of
fourth component being the lowest. Lastly, in the full
concentration range 0.884 < Xrtyr <1, the orange singu-
lar values clearly show that there are four components

©- SVD comp. (0.884-1 Xr , 38 spectra)

106 -@- SVD comp. (0.933-1 Xy4r , 21 spectra)
-@- SVD comp. (0.977-1 Xyy¢ , 8 spectra)
o
S
— 5
(U —
S 10
—
T
>
g
= 4
® 10
()]
(@]
-
3
10 7
Component
FIGURE 3 Singular values derived from SVD analysis of the

concentration-dependent Raman spectra of the THF-water
solutions. The inset is the zoom-in view for the first six SVD
components. The blue, green, and orange points of the SVD
components correspond to analysis of three different sets of
concentration-dependent Raman spectra. The SVD singular values
on analyzing (i) eight spectra in the concentration range of 0.977-1
Xrur are shown in blue, (ii) 21 spectra in the concentration range
of 0.933-1 Xyyr are shown in green, and (iii) 38 spectra in the
concentration range of 0.884-1 Xy are shown in orange,
respectively [Colour figure can be viewed at wileyonlinelibrary.
com|
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dominating the spectral variation. These results of SVD
analysis provide an estimate of the number of principal
components existing in the THF-water solutions in the
studied concentration range and three minor spectral
components, Spectra A, B, and C, which are thought to
be from THF-water complexes.

3.3 | Initial guess spectra for MCR-ALS
analysis obtained by HAMAND analysis

MCR-ALS analysis often requires one or more first guess
spectra to reach a correct and physically meaningful con-
vergence of the least-squares optimization procedure.
The correctness of obtained final results relies to a large
degree on the quality of the initial guess. In the present
study, we effectively utilize the initial guesses determined
by HAMAND. According to the earlier SVD analysis, the
0.977 Xrgr solution consists of two components (pure
THF and Spectrum A). HAMAND analysis with the
Raman spectra of pure THF as the standard gives
Spectrum A as shown in Figure 4a. The Raman spectrum
at Xtpr = 0.933 is then assumed to consist of three major
components (pure THF, Spectrum A, and Spectrum B)
with the fourth component considered to be negligible.
In order to obtain Spectrum B, the pure THF Raman
signal is subtracted first by HAMAND. The resulting
spectrum corresponded to a linear combination of
Spectrum A and Spectrum B. Again, HAMAND subtracts
Spectrum A (obtained from previous analysis) to give
Spectrum B, as shown in Figure 4b. Similarly, the Raman
spectrum at Xtyr = 0.884 consists of four components
(pure THF, Spectrum A, Spectrum B, and Spectrum C).
The spectra of pure THF and Spectra A and B are sequen-
tially subtracted by HAMAND to obtain Spectrum C
shown in the Figure 4c.

Overall, we obtain four spectral components, namely,
pure THF, Spectrum A, Spectrum B, and Spectrum C, as
shown in Figure 5. Here, we make an assumption that
the spectrum at X7gr = 0.933 consists of only three com-
ponents although the fourth component may already
exist in a small amount. Therefore, Spectra B and C are
refined and finalized by the subsequent MCR-ALS
analysis.

3.4 | Four-component MCR-ALS analysis
of the concentration-dependent Raman
spectra

A total of 38 Raman spectra spanning the concentration
from 0.884 to 1 Xryr were used as the input matrix. The
number of spectral components were determined to be
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FIGURE 4 The results of HAMAND analysis. Raman
spectrum of the known components (dashed line) subtracted from
the spectra of solutions (solid purple), obtaining the spectra of
unknown components (filled line). (a) Raman spectrum for the
0.977 Xyr solution (solid purple), pure THF (dashed black), and
the resulting spectrum of Complex A (filled red) that is enlarged by
five times. (b) Raman spectrum for the 0.933 Xy solution (solid
purple), pure THF (dashed black), complex A (dashed blue), and
the resulting spectrum of Complex B (filled green) that is enlarged
by five times. (c) Raman spectrum for the 0.884 Xryr solution (solid
purple), pure THF (dashed black), Complex A (dashed blue),
Complex B (dashed green), and the resulting spectrum of Complex
C (filled red) that is enlarged by five times [Colour figure can be
viewed at wileyonlinelibrary.com]|

four from the SVD analysis described earlier. For the ini-
tial guess spectra, the four spectra (pure THEF,
Spectrum A, Spectrum B, and Spectrum C) obtained from

FIGURE 5 The four initial spectra used for the MCR-ALS
analysis obtained by a preceding HAMAND analysis. The inset
shows the zoom-in view in the OH stretch region and THF ring
breath region [Colour figure can be viewed at wileyonlinelibrary.
com]|

HAMAND analysis were used. During this optimization
process, the spectra of pure THF and Spectrum A were
fixed, whereas the other two components were free to
change. The results thus obtained are shown in Figure 6.
The spectral information shows that the MCR-ALS
resolved spectra are almost identical to the initial guess
spectra from HAMAND with only a few small changes. It
is noteworthy that the negative feature at about 2770
cm ! in the green spectrum (Figure 5), which is physi-
cally wrong, disappears after MCR-ALS refinement, indi-
cating that the accuracy of the spectral analysis is
improved. Figure 6a shows the Raman spectrum of pure
THF (black) and the other three spectra: Spectrum A
(blue), Spectrum B (green), and Spectrum C (red).

MCR-ALS analysis also provides the concentration-
dependent fractions of the four components as shown in
Figure 6b. The fraction of pure THF (black) linearly
decreases with increasing water concentration. The frac-
tion of Spectrum A (blue) increases rapidly with increas-
ing water concentration above Xtyr = 0.975 and makes a
plateau for Xtur < 0.975. With water concentration con-
tinuously increasing, Spectrum A gradually gets replaced
by Spectra B and C to make the fractions of B and C
increase for when Xtyr < 0.977. This result is consistent
with the SVD analysis, which indicates that the solution
is a two-component system in the concentration of Xryr
> 0.977 and four-component system for Xryr < 0.977.

4 | DISCUSSION

4.1 | Assignments of the three MCR-ALS
resolved spectra

Three spectra—Spectrum A, Spectrum B and Spectrum
C—have been resolved with MCR-ALS (see Figure 6).
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FIGURE 6 The results of MCR-ALS analyzed with four

components. (a) Raman spectra of four components, pure THF
(black line), 1:1 complex (blue line), 1:2 complex (green line), and
1:n (n=2—4) complex (red line). The inset is the zoom-in view in
the THF ring breath and OH stretch region. (b) Concentration-
dependent fractions of pure THF (black line) and the three THF-
water complexes [Colour figure can be viewed at
wileyonlinelibrary.com]

We now assign these three spectra to THF-water com-
plexes. Spectrum A is straightforwardly assigned to the
1:1 complex of THF with water. It shows two symmet-
ric Lorentzian band centered at 3687 and 3504cm ' in
the OH stretch region. The Lorentzian band shapes
means that the two bands are homogeneously broad-
ened and that they originate form single isolated water
molecule in the 1:1 complex. The 3687cm ' band is
characteristic of the OH stretch vibration, which is free
of any hydrogen bonding interaction, as supported by
similar observations of monomeric water in deuterium

matrix by Murby and Pullin,’*! and high-resolution
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Raman spectra and theoretical investigations of water
vapor by Avila and coworkers.***!! Such 1:1 complex
of THF with water was also noted by Shultz and Vul*
using infrared spectroscopy, who reported the band at
3685cm ™%, which agrees within experimental uncer-
tainty with the present observation. In the 850-950
region, the convolution of THF CC/CO stretch
bands of the 1:1 complex is broader than that of the
pure THF molecule, showing that THF interacts with
water molecules and the ring CC/CO stretch modes
are affected by this interaction.

Spectrum B in Figure 6 shows two OH stretching
bands, similar in position as observed in Spectrum
A. However, the OH stretch band at 3504 cm ™ is broad-
ened toward the lower wavenumber side, relative to
Spectrum A, suggesting the presence of an extra water
molecule in the complex. In the fingerprint region (850-
950 cm_l), the THF CC/CO stretch band splits into two
peaks. This splitting indicates that the THF molecule is
more profoundly affected by water molecules. See
Section 4.2 for further details. Spectrum C shows two
extra bands, a shoulder around 3450 cm™! and a broad
peak around 3250 cm ! in addition to the two bands exis-
ting in Spectra A and B. These extra bands must come
from further extra water molecules contained in the com-
plex. The THF CC/CO stretch band of Spectrum C is
close to that of Spectrum A, suggesting that THF interacts
with water in a similar way as in the 1:1 complex
(Spectrum A).

The 3687 cm~! OH stretch band, which is characteris-
tic of the non-hydrogen-bonded dangling OH, is also visi-
ble in Spectra B and C (Figure 2 and in Figure 6a). By
comparing the peak area of this dangling OH band with
that of Spectrum A (1:1 complex), the number of water
molecules in Spectra B and C can be quantified. To do
this, the spectra obtained from MCR-ALS analysis were
first normalized to the band area of the CH stretch signal
of THF. Next, in order to analyze the peak area of the
dangling OH band, as well as to minutely analyze other
features, Lorentzian functions were used to fit the
observed OH stretch bands. The results are shown in the
Figure 7. The peak areas of the dangling OH bands in the
three spectra are found in the ratio of 1:2:3.14 for A:B:C.
The ratio 1:2 for A:B indicates that Spectrum B is contrib-
uted by two dangling OH bonds. Considering the fact
that THF is more profoundly affected by hydrogen bond-
ing (splitting of the CC/CO stretch mode), we assign
Spectrum B to the bidentate 1:2 THF-water complex in
which two water molecules are attached to THF
(Figure 8a). The ratio 3.14 (not an integer) indicates that
Spectrum C is contributed by plural number of different
THF-water complexes. THF-water complexes with 2, 3,
and 4 water molecules linearly hydrogen bonded
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0 o= ___ __———— spectrum of 1:2 complex fitted with four
3504.2 3497.6 3491.9 Lorentzian bands. (c) The Raman
ey 12x10° 12x10° spectrum of 1:2-4 complex fitted with
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FIGURE 8 The possible models of Complex B (1:1 THF-water
complex) and C (1: 2-4 THF water complex). (a) Complex B is the
1:2 complex composed of one THF attached to two water
molecules, forming two water-THF hydrogen bonds. (b) The
structure of complex C is likely a dynamic mixture of 1:2, 1:3, and
1:4 complexes featuring both water-water and THF-water
hydrogen bonding [Colour figure can be viewed at
wileyonlinelibrary.com]

(Figure 8b), are the most likely contributors to Spectrum
C. Note that the number of dangling OH bond is 2, 3, and
4 for the three water oligomers contained in the 1:2, 1:3,
and 1:4 complexes. Dynamic or static mixture of the three
complexes may well give the ratio 3.14. The similarity of
the THF CC/CO stretch band in Spectrum C to that of
Spectrum A (1:1 complex) also supports the structures
shown in Figure 8b in which only one water-THF hydro-
gen bond is formed.

To sum up, Spectrum A is assigned to the 1:1
THF-water complex, Spectrum B to the bidentate 1:2
complex with two water molecule attached to THF,
and Spectrum C to a mixture of 1:2, 1:3, and 1:4 com-
plexes where water molecules form linear chain hydro-
gen bonding. Every added water forms the hydrogen
bond with THF for Xrgr > 0.977 to form the 1:1 com-
plex. If more water is continuously added, new com-
plexes, 1:2, 1:3, and 1:4 complexes, start to appear,
whereas the fraction of the 1:1 complex makes a plateau
(see Figure 6b). Two different types of 1:2 complexes,

=1
Wavenumber / cm com]

bidentate 1:2 complex with two water molecules
hydrogen-bonded to THF (Spectrum B), and linear 1:2
complex in which two water molecules makes a chain
with one hydrogen bonding with THF (one component
in Spectrum C) have been identified. Both dynamic and
static mixtures are possible for the three complexes to
make Spectrum C.

4.2 | Insights from quantum chemical
calculations

Quantum chemical calculations were performed to theo-
retically confirm the assignments of MCR-ALS resolved
three Raman spectra A, B, and C of THF-water com-
plexes. All calculations were performed using Gaussian
16 package (Gaussian 16, Revision A.03).°2! The opti-
mized geometries and Raman spectra of the THF mole-
cule and THF-water complexes were calculated with the
use of DFT method utilizing aug-cc-pVTZ basis set.
B3LYP was chosen as density functional for these calcu-
lations. Dispersion correction, namely GD3,**! was
included for the functional, and anharmonic
correction®! to the vibrational wavenumbers were
applied. Refer to Section S4 of the Supporting Informa-
tion for further details on the calculations.

Figure 9a shows the optimized geometries of the
THF molecule and three THF-water molecular com-
plexes: the 1:1 complex and two forms of the 1:2 com-
plex (bidentate and linear). The corresponding
calculated Raman spectra in the OH stretch and THF
CC/CO stretch regions are shown in Figure 9b,c using
colored sticks. Zoomed-up parts of the experimental
results are shown in Figure 9d,e. The -calculated
Raman spectra are displayed as black sticks for THF,
blue for the 1:1 complex, green for the bidentate 1:2
complex, and red for the linear 1:2 complexes.
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FIGURE 9
chemical calculations. (a) Optimized geometries

The results of quantum

of single THF, the complex of THF with one
H,0, and the THF with two H,O (Form 1 and
Form 2). The calculated Raman spectra of single
THEF, the complex of THF with one H,0, and
the THF with two H,O in (b) the OH stretch
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region and (c) the THF ring breath region. The
measured Raman spectra of pure THF, 1:1 =2 (b) Calculated 2 (C) . Calculated
X X @ || 1 single THF 20 single THF
complex (A), 1:2 complex (B) and 1:2-4 complex § 1 1THF + 1H,0 8| v 1THF+1H0
(C) from the MCR-ALS analysis in (d) the OH £ | v 1THF +2H,0 (Form 1) £ Eﬂi + 2:28 (Eorm ;)
+
stretch region and (e) the THF ring breath é 1 _1THF + 24,0 (Form 2) é ! 20 (Form 2)
region [Colour figure can be viewed at S )
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Two distinct OH stretch bands, dangling OH and
hydrogen-bonded OH, are calculated for the 1:1 complex
(blue) showing good agreement with the experimental
spectrum (Figure 9d, blue). For the bidentate 1:2 complex
(green) and linear 1:2 complex (red), two extra OH
stretch bands are calculated in the lower wavenumber
side in addition to the two bands in the 1:1 complex. This
result again is consistent with the experimental spectra in
which extra OH stretch bands appear in the lower
wavenumber side of the OH stretch region (Figure 9d,
green and red). In the fingerprint region between
800 and 950 cm ™!, two prominent CC/CO stretch bands
of THF are calculated. CO stretch at around 878 cm ™'
and CC stretch at 896 cm ™. The splitting between these
two is the smallest for THF (black stick) and the largest
for the bidentate 1:2 complex (green). For the 1:1 com-
plex (blue) and linear 1:2 complex (red), the magnitude
of the splitting is in between as that observed for single
THF and the bidentate 1:2 complex. This calculation
results well explain the experimental observation that

3500
Wavenumber / cm’ "

950 900
-1
Wavenumber / cm

3250

only one (overlapping of two CC/CO stretches) band is
observed for THF, split two bands for the bidentate 1:2
complex, and asymmetric bands with shoulders in the
low wavenumber side for the 1:1 complex and the linear
1:2 complex. This observation in the fingerprint region is
also found to be in agreement with the Raman measure-
ments of Ojha and coworkers."”) The calculations thus
fully support the assignments of the MCR-ALS resolved
three spectra A, B, and C to the 1:1 complex, bidentate
1:2 complex, and linear 1:n complex (n = 2-4).

4.3 | Equilibrium constant for the
formation of the 1:1 complex

The fractions of molecular complexes along with free
THF molecule must result from thermal equilibrium at a
given concentration of the binary mixture. The equilib-
rium constant for the formation of the 1:1 complex in the
two-component system (Xryr>0.977) is obtained by
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using the fraction of the 1:1 complex determined from the
MCR-ALS analysis. At a constant temperature (298.15 K),
and assuming an equilibrium between the free THF and
free water, the reversible reaction is expressed as

THF + H,0 = 1:1complex (1)

Equilibrium constant for this reaction (K.q;) is then
defined as

x
(Xrur —x) (1 —X7up —x)’ )

Keq,l -

where x is the fraction of the 1:1 complex. Rearranging
Equation 2 gives

Keg1x* + (—Keqn — 1)x+ (=X 1up” + X117 ) Keg1 =0 (3)

Assuming certain value of K, the solution of Equation 3
for x is found. Of the two possible solutions of the
quadratic equation (Equation 3), the correct solution is
selected by choosing value of x, which is reasonable
(i.e., a real number lower than 1 and Xryr in
magnitude).

In order to utilize the MCR-ALS determined molecu-
lar fractions to determine the value of K4, we use the
following procedure. Nonlinear least squares?>*”! fitting
is applied to the MCR-ALS determined concentration-
dependent fractions of THF and water. First, the solution
for the fraction of 1:1 complex x for all available concen-

trations is computed as a vector, x. The remaining THF
in the two-component system is then computed as

—

T= (1 — f) The results from the MCR-ALS analysis for

__MCR _MCR
the fraction of 1:1 complex (x ) and THF (T ) are
compared with corresponding calculated results x and
T= (1 - }’) .

_MCR

x (4)
~ . _MCR N —MCR
AT=T—T :(l—x)—T (5)

Sum of squares of the differences are used to form a mea-
sure of difference between the computed and experimen-
tal data expressed below as E.

2 2
E:‘Ax’ —&-’AT‘
(6)

min(E) : Keg:

Lastly, an iterative minimization of E using the MCR
results gives an appropriate value of K.;;. The so com-
puted value of K,;; was 10,400, indicating that all the
water molecules added to the system in the concentration
range Xryr > 0.977 form the 1:1 complex.

4.4 | General discussion

The THF-water complexation structures determine the
solvent property of the water-THF mixtures. Although
the water structure in the water-rich domain is well
understood, there remains limited studies investigating
the molecular complexes in the THF-rich domain. The
present study proves the formation of three different
THF-water complexes: 1:1, bidentate 1:2, and linear
1:n (n=2-4) complexes. Water molecules have a ten-
dency to actively form hydrogen bonds among them-
selves rather than with free THF. The water structure in
the THF-rich region is thus shown very different from
that of the water-rich region, where hydrogen-bonded
water cage structures are well known. The detection of
the dangling OH band at ~3690 cm ' is characteristic of
the water structures in the THF-rich region of the binary
mixture.

The Raman spectrum of the 1:n (n=1-4) complex is
worth special mention. It much resembles the Raman
spectrum of destructured hydrogen-bonded water
extracted from the temperature-dependent Raman spec-
tra of liquid water®®! with a peak at around 3500 cm™!
and a shoulder at low wavenumber side. It is highly
likely that linearly hydrogen-bonded dimer, trimer, tetra-
mers, and larger complexes are the main constituents of
destructured hydrogen-bonded water in the condensed
phase.

5 | CONCLUSION

A carefully calibrated set of concentration-dependent
Raman spectra of THF-water binary solutions have been
analyzed with MCR-ALS analysis assisted by HAMAND.
The analysis proves the formation of three different
THF-water complexes: the 1:1 complex, the bidentate 1:2
complex, and the linear 1:n (n=2-4) complex. The
water hydrogen bonding scheme -elucidated in the
present study for the THF-rich region sharply contrasts
to the known hydrogen-bonded cage structures in the
water-rich domain. The spectrum of the 1:1 complex
shows two homogeneously broadened OH stretch
bands characteristic of isolated single water molecules.
The spectrum of the linear 1:n complex resembles
the previously reported spectrum of destructured
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hydrogen-bonded water, thus giving a clue to understand
more deeply the structure of ambient liquid water. In
addition, the present study has demonstrated a general
experimental approach to extract spectra at a single
molecular level in the condensed phase.
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