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ABSTRACT: The microheterogeneous structure of aqueous tert-butyl alcohol (TBA)
solutions is quantified by combining experimental, simulations, and theoretical results.
Experimental Raman multivariate curve resolution (Raman-MCR) C−H frequency shift
measurements are compared with predictions obtained using combined quantum
mechanical and e!ective fragment potential (QM/EFP) calculations, as well as with
molecular dynamics (MD), random mixture (RM), and finite lattice (FL) predictions. The
results indicate that the microheterogeneous aggregation in aqueous TBA solutions is
slightly less than that predicted by MD simulations performed using either CHARMM
generalized force field (CGenFF) or optimized parameters for liquid simulations all atom
(OPLS-AA) force fields but slightly more than that in a self-avoiding RM of TBA-like
molecules. The results imply that the onset of microheterogeneity in aqueous solutions
occurs when solute contact free energies are about an order of magnitude smaller than
thermal fluctuations, thus suggesting a fundamental bound of relevance to biological self-
assembly.

Water-mediated self-assembly is a ubiquitous feature of
biological and other processes including micelle

formation and liquid−liquid phase separation.1,2 However,
the contact free energy threshold associated with the
emergence of such nonrandom microheterogeneous structures
in fluid mixtures remains an open question. Here we address
this question using infinitely miscible aqueous tert-butyl
alcohol (TBA) solutions, for which prior experimental and
simulation studies have found evidence of slight (nearly
random) microheterogeneity3−6 that is on the verge of
undergoing liquid-phase separation.2,7−11 To more definitively
characterize the microheterogeneity of aqueous TBA solutions,
we quantify TBA−TBA contact statistics and free energies
using Raman multivariate curve resolution (Raman-MCR) C−
H frequency shift measurements, combined with molecular
dynamics (MD), random mixture (RM), and finite lattice
(FL)12−14 simulations, as well as hybrid quantum mechanical
and e!ective fragment potential (QM/EFP) based normal
mode and local mode vibrational frequency calculations.
Comparisons of the predicted and measured C−H frequency
shifts with FL predictions are used to quantify TBA contact
distributions and establish a contact free energy bound on
water-mediated self-assembly.
Prior vibrational and NMR spectroscopic,4,6,10,11 neu-

tron,15,16 X-ray,10 light scattering,16−18 and simulation2,7−9,20

studies of aqueous TBA have found evidence of TBA
aggregation that has variously been described as containing
long-range correlations (>10 nm),2 micelle-like structures,16 or
a nearly RM structure.2,4 The present experimental, simulation,
and theoretical analysis aims to quantitatively compare the

microheterogeneity in aqueous TBA with that predicted by
using RM and MD models. The MD simulations are
performed using the same CHARMM generalized force field
(CGenFF) that was found to produce large-scale simulation
predictions that are consistent with experimental miscibility,
neutron and X-ray scattering measurements,2 as well as an
optimized parameters for liquid simulations all atom (OPLS-
AA) force field8 that produces quite similar predictions. Figure
1 shows representative MD snapshots corresponding to TBA
molecules with two di!erent numbers of nearest neighbor
contacts, (a) k = 0 and (b) k = 3. The present FL model of
TBA aggregation12−14 is found to accurately replicate both the
simulation and experimental results, thus providing a
quantitative measure of the TBA nearest neighbor contact
probability distributions, P(k), as well as the associated contact
free energy and the onset of microheterogeneity.
In the FL model,12−14 the first coordination shell of TBA is

represented as an icosahedral lattice with 12 lattice sites and 5
nearest neighbors per lattice site.12 The FL aggregation
statistics are influenced by the contact energy ε1 between the
central TBA and each of its TBA-occupied coordination-shell
lattice sites, as well as the contact energy ε2 between
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neighboring occupied sites within the coordination shell of the
central TBA. Unless noted otherwise, we will assume that the
two energies are the same, ε = ε1 = ε2 since they both pertain
to TBA−TBA contacts. However, in general, ε1 and ε2 need
not be the same if cooperative (or anticooperative) e!ects
produce a significant change in binary contact free energy with
increasing concentration. Although ε represents the contact
energy between sites in an idealized lattice composed of
featureless particles, when applied to molecular aggregation
processes, ε represents a free energy that may be influenced by
both the energy and entropy associated with the formation of a
contact between neighboring TBA molecules. Moreover, the
FL model explicitly includes the influence of the additional
configuration entropy associated with the statistical distribu-

tion of the aggregate structures, as further described in
Methods (and previous publications).12−14

Figure 2 shows the TBA−TBA central−carbon radial
distribution functions, g(r)C − C, and the resulting contact
probability distributions, P(k), obtained from either MD or
RM simulations and FL predictions. Note that MD g(r)C − C,
shown in Figure 2a, contains a sharp first peak near r = 0.5 nm
arising from TBA molecules that are directly hydrogen-bonded
to each other. The marked concentration dependence of the
third peak in g(r)C − C (between r = 0.8 and 1 nm) is linked to
the onset of significant TBA aggregation above 1 M (as the
peak near r = 0.9 nm pertains to water-separated TBA
molecules, while that near 1 nm pertains to TBA-separated
TBA molecules). The vertical dotted lines in Figure 2a,b mark
the boundaries of the first coordination shell (at r = 0.468 and
0.75 nm) used to establish the FL cell volume and athermal (ε
= 0) filling fraction, obtained as further described in Methods.
The P(k) distribution points shown in the lower two panels of
Figure 2 were obtained by counting all TBA molecules whose
central carbons are within 0.75 nm of a given TBA molecule.
The solid curves of Figure 2c,d are FL model predictions
obtained from fits to experimental C−H frequency shifts, and
the dashed curves in panel d are athermal FL predictions
(obtained as further described below and in Methods).
Figure 3 compares predicted and measured C−H vibrational

spectra and mean frequencies. The upper two panels show
QM/EFP Raman normal mode spectral predictions, with
prominent symmetric (lower frequency) and asymmetric
(higher frequency) sub-bands, obtained from configurations

Figure 1. Simulation snapshots from aqueous TBA solutions in which
the central TBA has either (a) k = 0 or (b) k = 3 nearest neighbor
contacts (within 0.75 nm of the central TBA).

Figure 2. Comparison of MD, RM, and FL predictions. The upper two panels show the central carbon radial distribution functions from (a)
aqueous TBA MD simulations and (b) a self-avoiding RM of TBA-like molecules, as a function of TBA concentration, up to pure liquid TBA. The
vertical dashed lines represent the inner and outer boundaries of the first coordination shell of TBA at 0.468 and 0.75 nm. The lower two panels
show the nearest neighbor contact distributions in (c) MD and (d) RM simulations, where k is the number of TBA molecules that are within 0.75
nm of a given TBA. The solid curves in the lower two panels are FL predictions with TBA contact free energies of (c) βε = −0.25 and (d) βε =
−0.04 whose values are obtained from FL fits to the corresponding TBA C−H vibrational frequency shift predictions (and the dashed curves are
athermal, βε = 0, FL predictions), as further described below and in Methods.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.3c02603
J. Phys. Chem. Lett. 2023, 14, 11376−11383

11377

https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02603?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02603?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02603?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02603?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02603?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02603?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02603?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02603?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c02603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


with di!erent numbers of TBA nearest neighbor contacts k.
The middle two panels show the corresponding C−H local
mode predictions. The lower two panels show experimental
C−H (and O−H) bands in the Raman-MCR SC spectra of
aqueous TBA (obtained as described in Methods and ref 4).
Although the mean C−H frequencies ⟨ω⟩ shown in the right-
hand panels of Figure 3 are not the same for the normal mode,
local mode, and experimental measurements, the correspond-
ing frequency shifts, relative to a dilute aqueous TBA solution,
are very similar, as further explained below and shown in
Figure 4a.
Figure 4 compares predicted and experimental results for the

TBA C−H frequency shift, Δω, and average number of nearest
neighbor contacts, ⟨k⟩, in aqueous TBA solutions with
concentrations up to 5 M. The upper two panels in Figure 4
show Δω plotted as a function of (a) the number of neighbor
contacts k or (b) TBA concentration. The points in Figure 4a
show the excellent agreement between the normal and local
mode frequency shifts, and the dotted curves are fits to a zero-
intercept Sigmoidal function of the formÄ

Ç
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É
Ö
ÑÑÑÑÑÑÑÑÑ=
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(with parameters given in the caption of Figure 4). Essentially
perfect agreement between the normal mode and local mode
shifts can be obtained by slightly varying the frequency range
over which ⟨ω⟩ is evaluated, and somewhat larger shift
predictions are obtained when extending the frequency range
to higher frequencies (that were excluded from the ⟨ω⟩
calculations because that region of the experimental C−H
band is not accessible due to overlap with the O−H band).
The solid curves in Figure 4b are FL predictions obtained (as
described in Methods) assuming contact free energies ε/RT =
βε1 = βε2 chosen to approximately reproduce the MD
(orange), RM (light blue), and experimental (black) Δωk
results, and the dashed green curves in Figure 4b,d pertain to
athermal FL predictions (with ε/RT = 0).
The MD and RM frequency shift predictions shown in

Figure 4b were obtained using eqs 1 and 2 (in Methods), by
combining P(k) simulation results shown in Figure 2c,d, with
the k-dependent C−H frequency shift predictions shown in
Figure 4a. Panels c and d of Figure 4 show the experimentally
derived P(k) and ⟨k⟩ predictions, respectively, obtained by
using the FL fits to the frequency shift results in Figure 4b. The
P(k) predictions in Figure 4c imply that aqueous TBA
aggregates have a percolation threshold near 2 M, correspond-

Figure 3. Comparison of the calculated and measured TBA C−H vibrational spectra and frequency shifts. The upper two panels show QM/EFP
calculated (a) Raman normal mode (full Hessian) spectra and (b) the resulting C−H mean frequency shift as a function of k. The middle two
panels show the QM/EFP calculated (c) local mode (partial Hessian) spectra and (d) the resulting C−H mean frequency shift as a function of k.
The lower two panels show experimentally measured (e) Raman-MCR spectra in the C−H and the O−H stretch band region and (f) the resulting
C−H mean frequency shift as a function of TBA concentration. The gray bars on the frequency axis in panels a, c, and e mark the frequency ranges
over which the mean C−H frequencies were calculated, as further described in Methods.
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ing to the concentration at which P(k) has a maximum at k =
2, as further shown and explained in SI Figure S3.
The nearly random microstructure of aqueous TBA implies

that the onset of microheterogeneitya precursor to self-
assemblyoccurs in aqueous solutions with negative solute
contact free energies near βϵ ∼ −0.1, or ϵ ∼ −RT/10. Our
MD results imply that slightly larger contact free energies of ϵ
∼ −RT/4 (βϵ ∼ −0.25) lead to greater microheterogeneity,
while prior simulations of aqueous TBA solutions with slightly
di!erent force fields have been found to phase separate at
room temperature.2,7,8 A similar conclusion pertains to micelle
formation, whose surfactant chemical potentials are of the
order of −RT lower in the micelle than for a free surfactant,1
implying negative surfactant−surfactant contact free energies
whose magnitudes are smaller than (or of the order of) RT.
This suggests that the subtle microheterogeneity in aqueous
TBA may be quite rare, as solutions with weaker solute-contact
free energies will form essentially random mixtures while those
with slightly larger (more negative) contact free energies will
either phase separate or self-assemble into more significantly
heterogeneous structures such as micelles and higher-order
multiscale assemblies.
The present results, as well as those of some previous

studies,4,5,7 imply that aqueous TBA solutions are slightly less
heterogeneous than MD predictions obtained using a wide
range of force fields,2,7,8 most of which lead to phase separation
rather than a single-phase solution at room temperature. These
include MD simulations performed using the transferable
potential for phase equilibria-united atom (TraPPE-UA) force

field,7,20 which should accurately represent the direct
interactions between TBA molecules. Thus, the overstructur-
ing or phase separation of the resulting MD predictions7
suggests that water-mediated interactions3 damp direct TBA−
TBA interactions more strongly than predicted using any of
the tested MD force fields. Although the reason for this
increased damping has not been established, it implies that
solute−water or water−water attractive interactions are
increased in the hydration shell of oily solutes, perhaps
resulting from a local increase in molecular polarizability or
charge transfer.21,22
The present MD and experimental aqueous TBA results

have been found to be consistent with FL predictions obtained
assuming that ε1 = ε2. However, in general the latter two
contact free energies need not be the same if the aggregation
process is cooperative (or anticooperative) in the sense that
the e!ective contact energy between TBA molecules depends
on the degree of aggregation of the coordination shell
surrounding the central TBA. This leads to aggregation
behavior that is analogous to allosteric interactions between
ligands bound to a protein, which may be either cooperative (if
ε2 is more negative than ε1, implying that the first bound ligand
increases the binding a"nity of a second ligand) or
anticooperative (if ε2 is more negative than ε1, implying the
first bound ligand decreases the binding a"nity of the second
ligand). The present RM simulation results reveal evidence of
cooperative aggregation, consistent with a more negative value
of ε2 than ε1. Specifically, FL predictions similar to the green
RM curves shown in Figure 4b,d are obtained with βε1 = 0 and

Figure 4. Normal and local mode frequency shift predictions are used to obtain experimental, MD, RM, and FL contact free energies and nearest
neighbor distributions. (a) Comparison of normal and local mode C−H vibrational frequency shift points and Sigmoidal fit dashed curves (with
normal mode fit parameters a1 = −6.21, a2 = 5.408, and a3 = 1.419). (b) Calculated and experimental vibrational C−H frequency shifts plotted as a
function of TBA concentration. The curves are FL predictions obtained using the ϵ/RT values indicated in the figure legend. (c) Experimentally
derived P(k) distributions obtained from FL fits to the experimental Δω shown in panel b. (d) Average number of TBA molecules in the first
coordination shell of a given TBA, ⟨k⟩, as a function of the TBA concentration. The MD (red) and RM (green) ⟨k⟩ points are obtained from the
corresponding P(k) distributions, shown in Figure 2c,d. All of the curves in panel d (as well as the black points) are FL predictions obtained using
the ε/RT values in the legend of panel b.
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βε2 = −0.06, consistent with the expectation that a self-
avoiding RM should have a zero contact free energy at low
concentration that becomes increasingly negative at higher
concentrations due to entropic packing interactions. At still
higher concentrations, near the ∼10.5 M concentration of pure
liquid TBA, the RM P(k) and ⟨k⟩ simulation results are better
reproduced by FL predictions with βε1 = 0 and βε2 = −0.18,
consistent with an increase in entropic packing cooperativity
with increasing concentration, as shown in SI Figure S2b.
In aqueous TBA solutions such cooperativity is apparently

smaller, as predictions obtained with ε1 = ε2 are reasonably
consistent with the MD and experimental results over the
entire concentration range up to pure liquid TBA, as shown in
SI Figures S1a and S2a. This apparently smaller cooperativity
suggests that both water-mediated and TBA-mediated
interactions damp the intrinsic attraction between isolated
TBA molecules to a similar degree. Such damping,3 which is
analogous to the much larger water-mediated shielding of
electrostatic interactions between ions, is a critical prerequisite
for the formation of biological systems that necessarily rely on
contact free energies smaller in magnitude than RT to facilitate
the collective assembly of dynamically stable living structures.

■ METHODS
Experimental Measurements. Raman multivariate curve

resolution (Raman-MCR) spectra of aqueous tert-butyl alcohol
(TBA) solutions were obtained as previously described,4,6,23 at
a temperature of 20 °C, over a concentration range of 0.2 M to
pure liquid TBA. Briefly, solutions were produced using tert-
butyl alcohol BA (≥99.5% TBA, Sigma-Aldrich) and ultrapure
water (Milli-Q UF Plus, 18.2 mΩ·cm resistance, Millipore).
Each spectrum was measured using custom-built Raman
spectrometer,23 with a 514.5 nm Ar-ion excitation laser of
10−20 mW power at the sample and signal averaged for 5 min.
Self-Modeling Curve Resolution (SMCR)6,23,24 was used to
decompose solution spectra into pure water and the solute-
correlated (SC) components used to obtain TBA C−H
average frequencies and frequency shifts.
Molecular Dynamics (MD) and Random Mixture (RM)

Simulations. MD simulations were performed using
GROMACS (version 2019.2) with force fields of either
CGenFF or OPLS-AA for TBA and TIP4P-2005 for
water.25−29 Each MD simulation contained 200 TBA
molecules and 40000, 20000, 10000, 5000, 2500, 1250, 625,
and 300 water molecules, corresponding to TBA concen-
trations of approximately 0.3, 0.5, 1.0, 1.9, 3.3, 5.1, 6.9, and 8.7
M, respectively, when using the CGenFF force field (while
when using the OPLS-AA force field, the last four
concentrations are approximately 3.2, 5.0, 7.0, and 8.6 M,
respectively). The MD simulations of pure TBA were
performed using 500 molecules, corresponding to a concen-
tration of 11.2 M when using the CGenFF, or 11.0 M when
using the OPLS-AA. The CGenFF MD results Figures 2−4 are
compared with those obtained using OPLS-AA in the SI
(Figures S4 and S5).
After energy minimization, NVT equilibration was per-

formed for 200 ps with a 1 fs time step. NPT production runs
were performed for 500 ns, with a 2 fs time step (1 fs for pure
TBA), a velocity rescale thermostat for temperature control
(293.15 K) and Parrinello−Rahman barostat for pressure
control (1 bar).30,31 Bonds were constrained with the LINCS
algorithm.32 A 1 nm cuto! was used for the Lennard-Jones
potentials. Electrostatic long-range interactions were treated

with particle mesh Ewald (PME) summations with a real space
cuto! of 1 nm.33,34 In the second half of each production
trajectory, the reference frame was shifted such that a TBA
molecule is in the center of the box prior to performing the
contact statistics and vibrational frequency analysis. Random
mixing (RM) configurations corresponding to the concen-
trations of the MD simulations described above were generated
by randomly inserting 200 TBA molecules into the
corresponding boxes using the GROMACS gmx insert-
molecules function. For each concentration, a total of 15000
snapshots were generated and combined into a trajectory file.

P(k) Distributions. First coordination-shell contacts
between TBA molecules are defined as occurring when the
distance between the central-carbon atoms on neighboring
TBA molecules is less than 0.75 nm, approximately equal to
the first coordination shell minimum in the TBA−TBA central-
carbon radial distribution function, as shown in Figure 2a. The
nearest neighbor contact probability distributions P(k) were
determined by tabulating the number, k, of nearest neighbor
TBA molecules around each TBA, and averaging 14500
snapshots at each TBA concentration. This procedure was
performed by using the GROMACS gmx select function for
both the MD and RM simulations.

QM/EFP Vibrational Frequency Calculations. 1000 MD
snapshots with the same k (as shown in the SI Table S2) were
reduced in size to include a central TBA molecule and all
neighboring molecules whose atoms are within 0.75 nm of the
central carbon on the central TBA (using the GROMACS gmx
select function). For each snapshot, geometry optimization was
performed on the central TBA molecule, followed by a full
Hessian analysis, carried out using a hybrid QM/EFP
method35−38 as implemented on home-built version of the
GAMESS suite of programs based on the 2018 R1 release.39,40
More specifically, the geometry of the central TBA (the QM
region) is described using second order Møller−Plesset
perturbation theory (MP2) using the 6-311++G** basis
set.41 All of the water and TBA molecules in the coordination
shell of the central TBA were modeled by EFP potentials.42,43
Specifically, TBA and water geometries for EFP parameter
computations were optimized with the MP2/cc-pVTZ level of
theory. The EFP parameters were computed with the hybrid 6-
31+G(d)/6-311++G(3df,2p) basis sets. QM-EFP coupling
terms include electrostatic, polarization, and fitted exchange-
repulsion terms, as implemented in ref.44 Gaussian-type
polarization damping was used to avoid overpolarization of
the system.45
Representative examples of the resulting normal mode

spectra are listed in Figure 3a. Additionally, local mode C−H
frequency predictions were obtained using a partial Hessian
vibrational analysis,19,46 after geometry optimization (as
described above). The local mode frequency of a given TBA
methyl C−H bond was obtained while holding all other atoms
fixed (in both the central TBA and surrounding TBA and
water molecules).47 The resulting local mode frequencies for
all 9 of the methyl hydrogens of the central TBA are then
averaged over 1000 configurations with the same k, to obtain
spectra such as those shown in Figure 3c.
The local mode frequency calculations were found to be

about 2 times more numerically e"cient than the normal mode
spectral calculations (including both Hessian and Raman
calculations), in spite of the fact that each Raman normal mode
spectral calculation is compared with the average of 9
independent C−H local mode spectral calculations for the
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TBA molecule with a given coordination-shell configuration.
Although the calculated average normal and local mode
frequencies were not the same, the resulting frequency shifts
relative to dilute (fully hydrated) aqueous TBA were virtually
identical. An additional potential advantage of local mode
calculations is that they might be used to obtain localized
molecular information regarding how the frequency of given
bond, and the force along that bond,48 depends on its location
within solute and surrounding molecules. However, the
numerical uncertainty of these calculations was too large to
reliably obtain such information.
C−H Mean Frequencies and Shifts. The predicted mean

C−H frequency ⟨ω⟩k of a TBA molecule whose first
coordination shell contains k other TBA molecules is
calculated as follows

=
I k

I k

( , ) d

( , ) d
k

1

2

1

2

(1)

where the frequency bounds, ω1 to ω2, span the region over
which the C−H band intensity di!ers significantly from the
surrounding baseline (as indicated by the gray bars on the
frequency axes in left-hand panels of Figure 3). A similar
expression is used to obtain the experimental mean C−H
frequency at a given TBA concentration, ⟨ω⟩[c], by replacing
I(ω,k) by the measured C−H band shape at a given TBA
concentration, I(ω,[c]), as shown in Figure 2c,d.
The predicted C−H frequency shift at a given concentration

is obtained, as follows, by combining the calculated average
frequency as a function of k with MD or RM simulation
predictions of the nearest neighbor contacts probability
distribution, P(k), at the concentration of interest

=
=

P k( )
k

k

k
0

max

(2)

where kmax ≤ 16 is the maximum number of TBA molecules
that are observed to occupy the coordination shell of a given
TBA molecule at the concentration of interest, Δωk = ⟨ω⟩k −
⟨ω⟩0 and ⟨ω⟩0 is the frequency of a fully hydrated (infinitely
dilute) aqueous TBA. Equation 2 Δω predictions were
obtained using P(k) from MD, RM, or FL predictions, and
Δωk was obtained from a Sigmoidal fit to the MD/QM/EFP
predicted values of Δωk = ⟨ω⟩k − ⟨ω⟩0, as further shown in
Figure 4a and in its discussion. The experimental C−H
frequency shift at a given TBA concentration is Δω = ⟨ω⟩[c] −
⟨ω⟩0, where ⟨ω⟩0 is the experimental average C−H frequency
extrapolated to zero TBA concentration. Note that the right-
hand side of eq 2 is equivalent to ⟨ω⟩[c] − ⟨ω⟩0. The use of eq
2 to obtain RM frequency shift predictions relies on the
assumption that Δωk predictions obtained from MD Raman
normal mode calculations may be used to predict frequency
shifts pertaining to RM configurations with the same k value.
Thus, although RM simulations do not include any water
molecules, the corresponding RM frequency shifts pertain to
hydrated RM configurations.
Finite-Lattice (FL) Predictions. Equation 3 is the FL

expression for the probability distribution P(k) that there will
be k TBA molecules in the coordination shell around a given
TBA in a system with an average coordination-shell site
occupancy probability of p = [c]V1 pertaining to an athermal
lattice (with ε = 0), where [c] is the bulk concentration of TBA

and V1 is the volume of each lattice site, and βεi = εi/RT. The
coe"cients nJk represent the number of configurations with a
given value of J and k, where J is the number of contacts among
TBA molecules in a coordination-shell around a given TBA, as
previously tabulated for various FL geometries including n =
12 and c = 5 (icosahedral) and c = 3 (truncated tetrahedral)
structures.12 lmoonoo
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When both contact energies are equal to zero (ε1 = ε2 = 0), the
above expression reduces to the following contact probability
distribution in an athermal FL:12

= !
! !

P k
n p p
k n k

( )
(1 )
( )

k n k

(4)

The present FL predictions, obtained assuming an
icosahedral lattice with n = 12 lattice sites and c = 5 nearest
neighbors per lattice site,12 are virtually indistinguishable from
those obtained using an alternative truncated tetrahedral lattice
structure with n = 12 and c = 3,12 with the magnitude of ε2 is
increased by a factor of 5/3 (equal to the ratio of the c values
for the two lattices). Note that only ε2 is changed since c
dictates the number of possible ε2 contacts between
coordination-shell molecules, while ε1 pertains to the energy
of each of the n possible contacts between a central TBA
molecule and TBA molecules in its first coordination-shell
(and the above two lattices have the same value of n = 12).
Thus, decreasing the number of possible coordination-shell
contacts has the same e!ect as increasing the magnitude of the
free energy per coordination-shell contact, with otherwise
nearly identical FL predictions.
The FL frequency shift predictions were obtained assuming

a limiting frequency shift at k = n = 12 that is close to 6 cm−1,
slightly adjusted to produce approximate agreement with the
frequency shift in pure liquid TBA, as shown in the SI Figure
S1a. Specifically, the limiting k = 12 frequency shifts for the FL
fits to the MD, RM and experimental results are 6.0, 6.4, and
6.3 cm−1, respectively, whose small di!erences did not
significantly influence the FL predictions below 5 M.
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