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Materials and Methods. Our experiments were per-
formed by dissolving alcohols (from Tianli Chemical Reagent
Co., Ltd) in purified water with a resistivity of 18.24 MΩ·cm,
to produce 0, 1, 2, and 5 wt% alcohol solutions. A capil-
lary High-Pressure Optical Cell,1 combined with a Linkam
CAP500 heating-cooling stage, was used to control the pres-
sure and temperature of the solution during the Raman mea-
surements (see Figure 1), as previously described.2–4 More
specifically, the samples were prepared as follows: (i) inject
pure water (about 10 mm) into the closed end of the capil-
lary cell (665 µm OD, 300 µm ID, 15 mm long); (ii) inject a
plug of mercury (approximately 5 mm in length) into the cell
with a small tube (200 µm OD and 75 µm ID); (iii) inject
the alcohol solution into the cell, and then seal again with
a plug of mercury; (iv) the capillary high-pressure optical
cell is connected to a high pressure line (see Figure 1); (iv)
the cell is mounted horizontally on the Linkam CAP500 tem-
perature stage, and adjusted to maintain a constant pressure
and temperature. The temperature of the cell was measured
using a K-type thermocouple with an accuracy of ±0.1 K.
The pressure in the cell was maintained hydraulically using
pressurized water, and read using a Seta 204D digital pres-
sure transducer equipped with a Datum 2000TMmanometer
(69 MPa full scale; accurate to 0.14%).

Spectra were collected at temperatures ranging from 0◦C
to 374◦C for pure water and ethanol solutions, and from
0◦C to 300◦C for the methanol and propanol solutions, at 30
MPa (or lower, see Additional Experimental and MD Results
below), using a JY/Horiba LabRam HR800 Raman system
with a frequency doubled Nd:YAG laser (532.06 nm, 10 mW
at the sample), with a 50X long working distance Olympus
objective with 0.5 N.A, and a 300 grooves/mm grating (with
a spectral resolution of 3 cm−1). Before reaching the spec-
trograph, the collected Raman scattered light was spatially
filtered using a confocal pinhole of 200 µm diameter (with
magnification of 50X between the sample and the pinhole).
Raman spectra were collected over a vibrational frequency
shift range of 0 cm−1 to 4000 cm−1, each with an acquisi-
tion time of 5 min. Two spectra were collected from pure
water and the alcohol solution at each temperature. Neon
(Ne) lamp reference peaks were obtained along with the Ra-
man measurements at each temperature in order to calibrate
the Raman frequency and confirm that no spectral drifts oc-
curred during the experiment.

The MCR decomposition of the measured Raman spec-
tra of water and aqueous ethanol solutions (measured at the

same temperature and pressure) was performed using Self
Modeling Curve Resolution (SMCR).5,6 The Raman-MCR
analysis was performed over the CH and OH stretch band
region from 2433 cm−1 to 3914 cm−1, and a linear baseline
was subtracted from the resulting SC spectra. As part of
the Raman-MCR analysis, the spectral weight of the pure
water was adjusted to assure proper convergence to the min-
imum area SC spectrum. In other words, this assures that
the resulting SC spectrum is equivalent to the spectrum ob-
tain when subtracting the spectrum of pure water (times
an adjustable weighting factor) from the measured solution
spectrum, to yield a difference spectrum with the smallest
non-negative area (above baseline) in the CH and OH stretch
region. The resulting SC spectra were normalized to the CH
area (by dividing each background-subtracted SC spectrum
by the corresponding CH band area obtained between 2822
cm−1 and 3024 cm−1). Spectra of the solutes and their full
(or half) first hydration-shells were produced from a linear
combination of the SMCR SC and pure water component
spectra to form a spectrum whose OH/CH band area ratio,
AOH/ACH, is consistent with the MD predictions for the
ratio, NOH/NCH, of the number of OH groups in the non-
polar hydration-shell to the number of CH groups in the
alcohol. More specifically, 1.2×(AOH/ACH) =NOH/NCH, as
the average Raman cross section of an alcohol CH group
is ∼1.2±0.1 times greater than that of a water OH group
(determined from quantitative comparisons of AOH/ACH in
aqueous alcohol solutions of various concentrations).6

MD simulations of water and 5 wt% alcohol solutions were
performed using GROMACS7 over the temperature range
0◦C to 374◦C at 30 MPa, corresponding to the experimen-
tal conditions. Water was modeled using the TIP4P/2005
potential,8 while methanol, ethanol, and 1-propanol were
modeled using the TraPPE-united atom potential.9 A to-
tal of 1000 molecules (waters + alcohols) were considered
in each simulation. Following 5 ns of equilibration, simu-
lations were conducted for 100 ns to evaluate equilibrium
averages. Coordination numbers were evaluated by count-
ing the number of waters in the first hydration shell of the
alcohol. A water was assigned to be in the first hydration-
shell of an alcohol’s non-polar tail if it lies within 5.45 Å
of a carbon, corresponding to the position of the first min-
imum in the corresonding water/alcohol correlation func-
tions. The Errington-Debenedetti tetrahedral order param-
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eter10 is evaluated as

q = 1− 3
8

4∑
i=1

[1
3 + cos θij

]2

where θij is the angle formed by the lines joining the oxygen
of a given water and those of its four nearest neighbors i
and j (≤4). A nearest neighbor is taken here to be another
water oxygen or an alcohol hydroxyl group.

Additional Experimental and MD Results. The fol-
lowing figures contain additional Raman-MCR and MD re-
sults. The results in Figure S1 and S2 were obtained either
by simultaneously analyzing spectra obtained from solutions
with ethanol concentrations of 0, 1, 2, and 5 wt% (Figure
S1), or ethanol concentrations of 0 and 2 wt% (Figure S2).
The similarity of these results to those shown in Figure 1(B)
demonstrate that the Raman-MCR SC spectra are essen-
tially concentration independent up to 5 wt%.
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Figure S1. Raman-MCR (Raman-MCR spectra obtained from a
simultaneous analysis of aqueous solutions with 0 wt%, 1 wt%, 2
wt% and 5 wt% ethanol, at a pressure of 20 MPa and temperature
ranging from 25◦C to 300◦C. The solid curves are the ethanol SC
spectra and the dashed curves are the corresponding pure water
spectra.
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Figure S2. Raman-MCR spectra obtained from pure water (0
wt%) and 2 wt% aqueous ethanol solutions, at a pressure of 20
MPa and temperature ranging from 25◦C to 300◦C. The solid
curves are the ethanol SC spectra and the dashed curves are the
corresponding pure water spectra. Seven point Savitzky-Golay
smoothing11 of the input spectra was used to suppress the greater
noise in the Raman-MCR results obtained at this concentration.

Figure S3 and Tables S1 and S2 contain MD results for
the density of pure water and the number of water molecules
in the first coordination-shell of the alkyl tails of methanol,
ethanol, and n-propanol.
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Figure S3. Coordination number in the first hydration-shell of
the alkyl tails of methanol, ethanol, and n-propanol. The coordi-
nation numbers are obtained from MD radial distribution func-
tions of the water oxygen atoms relative to the alcohol carbon
atoms, integrated out to 5.45 Å, near the first minimum in the
radial distribution function. The dashed curves are polynomial
fits, whose coefficients are given in Table S2.

Table S1. Comparison of experimental 12 and MD (TIP4P-2005)
densities of pure water as a function of temperature, at a pressure
of 30 MPa.

T ρExpt ρMD
(◦C) (gm/cm3) (gm/cm3)
-10 . . . 1.014 ± 0.008
0 1.015 1.014 ± 0.008
20 1.012 1.012 ± 0.008
50 1.001 1.001 ± 0.008
60 0.996 0.995 ± 0.008
100 0.972 0.970 ± 0.009
125 0.954 0.951 ± 0.009
150 0.933 0.929 ± 0.010
175 0.910 0.905 ± 0.011
200 0.885 0.879 ± 0.011
250 0.826 0.818 ± 0.013
300 0.751 0.743 ± 0.015
374 0.563 0.574 ± 0.022

Table S2. Polynomial fits to the 1st shell coordination numbers of
alcohols in water.

A(i) Methanol Ethanol n-Propanol
A(0) 11.764 16.394 19.961
A(1) -0.005688 -0.009485 -0.012177
A(2) -3.9356e-05 -5.14347e-05 -7.35199e-05
A(3) 1.1209e-07 1.5887e-07 2.64684e-07
A(4) 2.2002e-10 -3.1669e-10 -4.8933e-10
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