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Fig. 1. Identifying protein patches that mediate its interactions. (A) The
atoms of TS that participate in the formation of an obligate homodimer
are projected onto a TS monomer. Although the knowledge of such inter-
action interfaces is desirable, it is unavailable for most proteins. (B and C)
Protein structures provide access to the nanoscale chemical and topograph-
ical patterns displayed by the protein; however, using this information to
predict the protein patches that mediate its interactions is nontrivial. Such
patterns are shown here for the TS protein, wherein each residue is colored
according to its overall chemistry (B) and each atom is colored using the
Kapcha–Rossky classification (42) (C).

synthesis (43); protein atoms that participate in dimer forma-
tion are shown in Fig. 1A. Visualizations of the protein, colored
according to residue (Fig. 1B) or atomic (Fig. 1C) chemistry,
highlight the nanoscopic chemical and topographical patterns
displayed by the TS protein. Comparing these visualizations to
the protein-interaction interface (Fig. 1A) also illustrates the lack
of any obvious distinguishing characteristics, which can be used
to identify the interaction interface.

To interrogate whether the most hydrophobic regions of the
TS protein are also likely to mediate its interactions, we must
first characterize how (un)favorably different protein regions
interact with water. To this end, we perform all-atom, explicit-
solvent, molecular dynamics simulations, wherein an unfavor-
able biasing potential, �Nv , is applied to systematically disrupt
protein–water interactions (44, 45); � represents the potential
strength, and Nv is the number of (coarse-grained) waters in
the protein hydration shell, v . To ensure that v conforms to
the rugged protein surface, we peg spherical subvolumes to
every heavy atom on the protein surface and define v to be
the union of all such subvolumes (Fig. 2A); by choosing the
subvolume radius, Rv , to be 0.6 nm, we include only the first
hydration shell waters in v . We refer to such biased simulations
as “�-ensemble simulations” and describe them in detail in SI
Appendix.

As the strength of the potential, �, is increased, waters are dis-
placed from v , and the average number of waters, hNv i�, in the
protein hydration shell decreases. The response of the TS hydra-
tion waters to the potential is shown in Fig. 2B; as � is increased,
hNv i� decreases sigmoidally. Correspondingly, the susceptibility,
�v ⌘�@hNv i�/@(��), displays a marked peak (Fig. 2C), signi-
fying that the TS protein hydration shell undergoes a collective
dewetting transition in response to the unfavorable potential. By
studying proteins with a variety of sizes, shapes, chemistries, and
biological functions, we recently showed that collective dewet-
ting is a generic feature of protein hydration shells (46). For the
TS protein, the peak in susceptibility occurs at ��⇤ =2.16, where
��1 ⌘ kBT , kB is the Boltzmann constant, and T is temperature.
The potential strengths for which �v is half its maximum value,
��(�) =1.6 and ��(+) =3.4, are also shown in Fig. 2C and corre-
spond roughly to the onset and the end of dewetting, respectively.
The disruption of protein–water interactions by the unfavorable
potential, and the resultant dewetting, lead to the formation of
cavities in the protein hydration shell; dewetting is not uniform,
but instead manifests as wet and dry patches on the protein sur-

face. Such patches, observed in simulations with ��=1.8, 2.4,
and 3, are shown in Fig. 2D.

Identifying Hydrophobic Protein Patches
The cavities that form in response to an unfavorable potential
(Fig. 2D) undergo substantial fluctuations in their size, shape,
and location over the course of a �-ensemble simulation. To
identify protein regions that nucleate cavities, we thus estimate
the average water density in different parts of the protein hydra-
tion shell. In particular, we estimate the average number of
waters, hnii�, in the spherical subvolume centered on every
protein surface heavy atom i and normalize it by the correspond-
ing unbiased average, hnii0. For the TS protein, a map of the
normalized local water density h⇢ii� ⌘hnii�/hnii0 is shown in
Fig. 3A for ��=2.4. Protein atoms whose h⇢ii� values fall below
a certain threshold, s =0.5—i.e., atoms that lose at least half of
their hydration waters—are then classified as being dewetted; SI
Appendix, Fig. S7. In Fig. 3B, protein atoms that are dewetted at
��=2.4 are shown in orange, whereas those that remain wet are
shown in gray. Protein regions that dewet do so because, over-
all, they have weaker interactions with water than the regions
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Fig. 2. Disrupting protein–water interactions using �-ensemble simula-
tions. (A) The hydration shell, v, of the TS protein is shown (transparent
gray). The protein surface is colored by residue (as in Fig. 1B), the waters in
v are shown in licorice, and the rest are shown as lines. In �-ensemble sim-
ulations, an unfavorable biasing potential, �Nv , is applied to the Nv waters
in v. (B) As the strength of the potential � is increased, the average number
of waters, hNvi�, decreases in a sigmoidal manner. (C) The corresponding
susceptibility, �v =�@hNvi�/@(��), displays a peak at ��* = 2.16 (diamond),
highlighting that dewetting of the protein hydration shell is collective. The
potential strengths that mark the onset �(�) (left triangle) and the end
�(+) (right triangle) of the peak in �v are also shown. (D) Simulation snap-
shots are shown for � ensembles corresponding to ��= 1.8 (Top), ��= 2.4
(Middle), and ��= 3.0 (Bottom). Protein atoms are shown in surface rep-
resentation (black), hydration waters as licorice, and the rest as lines. The
waters in v are surrounded by a blue mesh, whereas cavities are shown using
an orange mesh.
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Map local solvation contributions

Improve time resolution

Challenges

Inaddition,weinvestigatedthehydrogenbond,orientation,
andtranslationdynamicsofthetwopopulations.Whereasan
averagelifetimeofthehydrogenbond(τHB)of1.08pswas
foundforHB-hydration2bulk,whichisalmostbulk-like(τHB=
1.04ps),adecelerationoftheHBdynamicswasobservedfor
HB-wrap(τHB=1.36ps).Changesintheorientation
relaxationdynamicsarequantifiedonthebasisofMD
simulationsbycalculationofthewaterdipolereorientation
timeτμ(FigureS11).Wededucedτμvaluesof2.92psforthe
watermoleculesformingtheHB-wrapintheinnerlayerand
4.36psforthethreewatermoleculesclosetotheOHgroupof
tert-butanol.Amuchfasterand“bulk-like”waterorientation
dynamicswasobservedintheouterlayer,whereτμ=1.88ps.
Thisisinlinewithpreviousstudiesreportingaslower
orientationdynamicsinthevicinityofhydrophobic
solutes.

9−12SeeTable1forasummary.Surprisingly,andin
contradictionwithan“ice-like”picture,ourworkshowsthat
this“slow”waterpopulationclosetothehydrophobicsolute
(innerlayer)isundercoordinatedratherthantetrahedrally
coordinated.Also,thewaterresidencetimeisincreasedinthe
innerlayer(8.9ps)comparedtothatintheouterlayer(2.1
ps).
Atemperature-dependentanalysisofΔqsimilartoFigure

2CdemonstratesthattheHB-wrappopulationintheinner
hydrationlayerpersistslongerwithanincreaseintemperature
thanthemoretetrahedrallyorderedHB-hydration2bulkinthe
outerlayer.Thus,weattributethepreviouslyreportedonsetof
theexperimentallyobservedtransitionfromanoverall
increasedtetrahedralordertomoredisorderedwaterwith

increasingtemperature
9−12,16ratherthantoanoverall

homogeneouschangetoamorelocaldecreaseintetrahedrality
intheouterhydrationshell,whiletheinnershell(contributing
totheHB-wrappopulationasprobedinthe164cm−1band)
persistsuptohighertemperatures.Theeventualcollapseofthe
innershellathightemperatures[herepredictedat∼330K
(seetheSupportingInformation)]explainsthesignificant
increaseinthenumberofundercoordinatedwatermolecules
anddanglingOHbondswithanincreaseintemperatureas
observedinthepreviousRamanspectroscopicstudiesofsmall
alcoholchains.

13
Thus,bothpicturescanbereconciledwhen

goingfromalocaltoaglobalperspective.
AIMDSimulationsoftheTHzFingerprints.Tolinkthetwo

HB-wrapandHB-hydration2bulkpopulationstotheexper-
imentallyobservedTHzspectrum,wecompareinFigure1A
theexperimental(top)andsimulated(bottom)absorption
differencespectraαdifference.Thetheoreticaldifferencespectrum
isobtainedfromAIMDinthesamewayasintheexperiments.
Wehavesimulatedthespectrumofwatermoleculesina
simulationboxincludingonetert-butanolsoluteandsubtracted
thesimulatedbulkwaterspectrumobtainedfromasimulation
boxofliquidwateratthesametemperature.Asshownin
Figure1A,wefindaremarkablequantitativeagreement
betweenexperimentandsimulationforbothtemperatures
(290and310K)upto210cm−1.Onlyqualitativeagreement
isobtainedbeyondandupto600cm−1,becauseinthisregion
wefindsignificantspectroscopicsignaturesfromtert-butanol
modes,whicharenotincludedinthewaterspectral
calculations(seeFigureS7).InFigure1B,wedisplaythe

Figure3.Temperature-dependentchangesinhydrationwaterstructureaffectsolvationentropy.(A)THz-activecontributionstothesolvation
entropy,STSTSTCTTT ()()()()log(/) p solvsolvrefrefref Δ*=Δ−Δ−ΔwithTref=400K(seetheSupportingInformationandrefs16and29),of
tert-butanolintheinvestigatedtemperaturerangeasdeducedfromMDsimulations(blackcircles),changesintheTHzspectra(redtriangles),and
conventionalcalorimetry(bluesquares).(B)EffectivenumberofhydrationwaterscontributingtoeachTHzband(ν164andν195)obtainedfrom
theexperimentalspectra.(C)Illustrationofthetert-butanolmoleculeanditsfirsthydrationshellat273,293,and313K.Voxelsindicateregions
witha>30%increaseinthewaternumberdensityrelativetothebulkliquid(the3Danalogueofthefirstpeakinaradialdistributionfunction),and
thecolorillustrateslocalvariationsintheabsoluteentropyperwatermoleculerelativetobulkwateratthecorrespondingtemperature[ΔS(r)=
S(r)−Sbulk].
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In addition, we investigated the hydrogen bond, orientation,
and translation dynamics of the two populations. Whereas an
average lifetime of the hydrogen bond (τHB) of 1.08 ps was
found for HB-hydration2bulk, which is almost bulk-like (τHB =
1.04 ps), a deceleration of the HB dynamics was observed for
HB-wrap (τHB = 1.36 ps). Changes in the orientation
relaxation dynamics are quantified on the basis of MD
simulations by calculation of the water dipole reorientation
time τμ (Figure S11). We deduced τμ values of 2.92 ps for the
water molecules forming the HB-wrap in the inner layer and
4.36 ps for the three water molecules close to the OH group of
tert-butanol. A much faster and “bulk-like” water orientation
dynamics was observed in the outer layer, where τμ = 1.88 ps.
This is in line with previous studies reporting a slower
orientation dynamics in the vicinity of hydrophobic
solutes.9−12 See Table 1 for a summary. Surprisingly, and in
contradiction with an “ice-like” picture, our work shows that
this “slow” water population close to the hydrophobic solute
(inner layer) is undercoordinated rather than tetrahedrally
coordinated. Also, the water residence time is increased in the
inner layer (8.9 ps) compared to that in the outer layer (2.1
ps).
A temperature-dependent analysis of Δq similar to Figure

2C demonstrates that the HB-wrap population in the inner
hydration layer persists longer with an increase in temperature
than the more tetrahedrally ordered HB-hydration2bulk in the
outer layer. Thus, we attribute the previously reported onset of
the experimentally observed transition from an overall
increased tetrahedral order to more disordered water with

increasing temperature9−12,16 rather than to an overall
homogeneous change to a more local decrease in tetrahedrality
in the outer hydration shell, while the inner shell (contributing
to the HB-wrap population as probed in the 164 cm−1 band)
persists up to higher temperatures. The eventual collapse of the
inner shell at high temperatures [here predicted at ∼330 K
(see the Supporting Information)] explains the significant
increase in the number of undercoordinated water molecules
and dangling OH bonds with an increase in temperature as
observed in the previous Raman spectroscopic studies of small
alcohol chains.13 Thus, both pictures can be reconciled when
going from a local to a global perspective.
AIMD Simulations of the THz Fingerprints. To link the two

HB-wrap and HB-hydration2bulk populations to the exper-
imentally observed THz spectrum, we compare in Figure 1A
the experimental (top) and simulated (bottom) absorption
difference spectra αdifference. The theoretical difference spectrum
is obtained from AIMD in the same way as in the experiments.
We have simulated the spectrum of water molecules in a
simulation box including one tert-butanol solute and subtracted
the simulated bulk water spectrum obtained from a simulation
box of liquid water at the same temperature. As shown in
Figure 1A, we find a remarkable quantitative agreement
between experiment and simulation for both temperatures
(290 and 310 K) up to 210 cm−1. Only qualitative agreement
is obtained beyond and up to 600 cm−1, because in this region
we find significant spectroscopic signatures from tert-butanol
modes, which are not included in the water spectral
calculations (see Figure S7). In Figure 1B, we display the

Figure 3. Temperature-dependent changes in hydration water structure affect solvation entropy. (A) THz-active contributions to the solvation
entropy, S T S T S T C T T T( ) ( ) ( ) ( ) log( / )psolv solv ref ref refΔ * = Δ − Δ − Δ with Tref = 400 K (see the Supporting Information and refs 16 and 29), of
tert-butanol in the investigated temperature range as deduced from MD simulations (black circles), changes in the THz spectra (red triangles), and
conventional calorimetry (blue squares). (B) Effective number of hydration waters contributing to each THz band (ν164 and ν195) obtained from
the experimental spectra. (C) Illustration of the tert-butanol molecule and its first hydration shell at 273, 293, and 313 K. Voxels indicate regions
with a >30% increase in the water number density relative to the bulk liquid (the 3D analogue of the first peak in a radial distribution function), and
the color illustrates local variations in the absolute entropy per water molecule relative to bulk water at the corresponding temperature [ΔS(r) =
S(r) − Sbulk].
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Fig. 1. Identifying protein patches that mediate its interactions. (A) The
atoms of TS that participate in the formation of an obligate homodimer
are projected onto a TS monomer. Although the knowledge of such inter-
action interfaces is desirable, it is unavailable for most proteins. (B and C)
Protein structures provide access to the nanoscale chemical and topograph-
ical patterns displayed by the protein; however, using this information to
predict the protein patches that mediate its interactions is nontrivial. Such
patterns are shown here for the TS protein, wherein each residue is colored
according to its overall chemistry (B) and each atom is colored using the
Kapcha–Rossky classification (42) (C).

synthesis (43); protein atoms that participate in dimer forma-
tion are shown in Fig. 1A. Visualizations of the protein, colored
according to residue (Fig. 1B) or atomic (Fig. 1C) chemistry,
highlight the nanoscopic chemical and topographical patterns
displayed by the TS protein. Comparing these visualizations to
the protein-interaction interface (Fig. 1A) also illustrates the lack
of any obvious distinguishing characteristics, which can be used
to identify the interaction interface.

To interrogate whether the most hydrophobic regions of the
TS protein are also likely to mediate its interactions, we must
first characterize how (un)favorably different protein regions
interact with water. To this end, we perform all-atom, explicit-
solvent, molecular dynamics simulations, wherein an unfavor-
able biasing potential, �Nv , is applied to systematically disrupt
protein–water interactions (44, 45); � represents the potential
strength, and Nv is the number of (coarse-grained) waters in
the protein hydration shell, v . To ensure that v conforms to
the rugged protein surface, we peg spherical subvolumes to
every heavy atom on the protein surface and define v to be
the union of all such subvolumes (Fig. 2A); by choosing the
subvolume radius, Rv , to be 0.6 nm, we include only the first
hydration shell waters in v . We refer to such biased simulations
as “�-ensemble simulations” and describe them in detail in SI
Appendix.

As the strength of the potential, �, is increased, waters are dis-
placed from v , and the average number of waters, hNv i�, in the
protein hydration shell decreases. The response of the TS hydra-
tion waters to the potential is shown in Fig. 2B; as � is increased,
hNv i� decreases sigmoidally. Correspondingly, the susceptibility,
�v ⌘�@hNv i�/@(��), displays a marked peak (Fig. 2C), signi-
fying that the TS protein hydration shell undergoes a collective
dewetting transition in response to the unfavorable potential. By
studying proteins with a variety of sizes, shapes, chemistries, and
biological functions, we recently showed that collective dewet-
ting is a generic feature of protein hydration shells (46). For the
TS protein, the peak in susceptibility occurs at ��⇤ =2.16, where
��1 ⌘ kBT , kB is the Boltzmann constant, and T is temperature.
The potential strengths for which �v is half its maximum value,
��(�) =1.6 and ��(+) =3.4, are also shown in Fig. 2C and corre-
spond roughly to the onset and the end of dewetting, respectively.
The disruption of protein–water interactions by the unfavorable
potential, and the resultant dewetting, lead to the formation of
cavities in the protein hydration shell; dewetting is not uniform,
but instead manifests as wet and dry patches on the protein sur-

face. Such patches, observed in simulations with ��=1.8, 2.4,
and 3, are shown in Fig. 2D.

Identifying Hydrophobic Protein Patches
The cavities that form in response to an unfavorable potential
(Fig. 2D) undergo substantial fluctuations in their size, shape,
and location over the course of a �-ensemble simulation. To
identify protein regions that nucleate cavities, we thus estimate
the average water density in different parts of the protein hydra-
tion shell. In particular, we estimate the average number of
waters, hnii�, in the spherical subvolume centered on every
protein surface heavy atom i and normalize it by the correspond-
ing unbiased average, hnii0. For the TS protein, a map of the
normalized local water density h⇢ii� ⌘hnii�/hnii0 is shown in
Fig. 3A for ��=2.4. Protein atoms whose h⇢ii� values fall below
a certain threshold, s =0.5—i.e., atoms that lose at least half of
their hydration waters—are then classified as being dewetted; SI
Appendix, Fig. S7. In Fig. 3B, protein atoms that are dewetted at
��=2.4 are shown in orange, whereas those that remain wet are
shown in gray. Protein regions that dewet do so because, over-
all, they have weaker interactions with water than the regions
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Fig. 2. Disrupting protein–water interactions using �-ensemble simula-
tions. (A) The hydration shell, v, of the TS protein is shown (transparent
gray). The protein surface is colored by residue (as in Fig. 1B), the waters in
v are shown in licorice, and the rest are shown as lines. In �-ensemble sim-
ulations, an unfavorable biasing potential, �Nv , is applied to the Nv waters
in v. (B) As the strength of the potential � is increased, the average number
of waters, hNvi�, decreases in a sigmoidal manner. (C) The corresponding
susceptibility, �v =�@hNvi�/@(��), displays a peak at ��* = 2.16 (diamond),
highlighting that dewetting of the protein hydration shell is collective. The
potential strengths that mark the onset �(�) (left triangle) and the end
�(+) (right triangle) of the peak in �v are also shown. (D) Simulation snap-
shots are shown for � ensembles corresponding to ��= 1.8 (Top), ��= 2.4
(Middle), and ��= 3.0 (Bottom). Protein atoms are shown in surface rep-
resentation (black), hydration waters as licorice, and the rest as lines. The
waters in v are surrounded by a blue mesh, whereas cavities are shown using
an orange mesh.
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THz-calorimetry

V. C. Nibali et al. JPCL,11, 4809 (2020)

Inaddition,weinvestigatedthehydrogenbond,orientation,
andtranslationdynamicsofthetwopopulations.Whereasan
averagelifetimeofthehydrogenbond(τHB)of1.08pswas
foundforHB-hydration2bulk,whichisalmostbulk-like(τHB=
1.04ps),adecelerationoftheHBdynamicswasobservedfor
HB-wrap(τHB=1.36ps).Changesintheorientation
relaxationdynamicsarequantifiedonthebasisofMD
simulationsbycalculationofthewaterdipolereorientation
timeτμ(FigureS11).Wededucedτμvaluesof2.92psforthe
watermoleculesformingtheHB-wrapintheinnerlayerand
4.36psforthethreewatermoleculesclosetotheOHgroupof
tert-butanol.Amuchfasterand“bulk-like”waterorientation
dynamicswasobservedintheouterlayer,whereτμ=1.88ps.
Thisisinlinewithpreviousstudiesreportingaslower
orientationdynamicsinthevicinityofhydrophobic
solutes.

9−12SeeTable1forasummary.Surprisingly,andin
contradictionwithan“ice-like”picture,ourworkshowsthat
this“slow”waterpopulationclosetothehydrophobicsolute
(innerlayer)isundercoordinatedratherthantetrahedrally
coordinated.Also,thewaterresidencetimeisincreasedinthe
innerlayer(8.9ps)comparedtothatintheouterlayer(2.1
ps).
Atemperature-dependentanalysisofΔqsimilartoFigure

2CdemonstratesthattheHB-wrappopulationintheinner
hydrationlayerpersistslongerwithanincreaseintemperature
thanthemoretetrahedrallyorderedHB-hydration2bulkinthe
outerlayer.Thus,weattributethepreviouslyreportedonsetof
theexperimentallyobservedtransitionfromanoverall
increasedtetrahedralordertomoredisorderedwaterwith

increasingtemperature
9−12,16ratherthantoanoverall

homogeneouschangetoamorelocaldecreaseintetrahedrality
intheouterhydrationshell,whiletheinnershell(contributing
totheHB-wrappopulationasprobedinthe164cm−1band)
persistsuptohighertemperatures.Theeventualcollapseofthe
innershellathightemperatures[herepredictedat∼330K
(seetheSupportingInformation)]explainsthesignificant
increaseinthenumberofundercoordinatedwatermolecules
anddanglingOHbondswithanincreaseintemperatureas
observedinthepreviousRamanspectroscopicstudiesofsmall
alcoholchains.

13
Thus,bothpicturescanbereconciledwhen

goingfromalocaltoaglobalperspective.
AIMDSimulationsoftheTHzFingerprints.Tolinkthetwo

HB-wrapandHB-hydration2bulkpopulationstotheexper-
imentallyobservedTHzspectrum,wecompareinFigure1A
theexperimental(top)andsimulated(bottom)absorption
differencespectraαdifference.Thetheoreticaldifferencespectrum
isobtainedfromAIMDinthesamewayasintheexperiments.
Wehavesimulatedthespectrumofwatermoleculesina
simulationboxincludingonetert-butanolsoluteandsubtracted
thesimulatedbulkwaterspectrumobtainedfromasimulation
boxofliquidwateratthesametemperature.Asshownin
Figure1A,wefindaremarkablequantitativeagreement
betweenexperimentandsimulationforbothtemperatures
(290and310K)upto210cm−1.Onlyqualitativeagreement
isobtainedbeyondandupto600cm−1,becauseinthisregion
wefindsignificantspectroscopicsignaturesfromtert-butanol
modes,whicharenotincludedinthewaterspectral
calculations(seeFigureS7).InFigure1B,wedisplaythe

Figure3.Temperature-dependentchangesinhydrationwaterstructureaffectsolvationentropy.(A)THz-activecontributionstothesolvation
entropy,STSTSTCTTT ()()()()log(/) p solvsolvrefrefref Δ*=Δ−Δ−ΔwithTref=400K(seetheSupportingInformationandrefs16and29),of
tert-butanolintheinvestigatedtemperaturerangeasdeducedfromMDsimulations(blackcircles),changesintheTHzspectra(redtriangles),and
conventionalcalorimetry(bluesquares).(B)EffectivenumberofhydrationwaterscontributingtoeachTHzband(ν164andν195)obtainedfrom
theexperimentalspectra.(C)Illustrationofthetert-butanolmoleculeanditsfirsthydrationshellat273,293,and313K.Voxelsindicateregions
witha>30%increaseinthewaternumberdensityrelativetothebulkliquid(the3Danalogueofthefirstpeakinaradialdistributionfunction),and
thecolorillustrateslocalvariationsintheabsoluteentropyperwatermoleculerelativetobulkwateratthecorrespondingtemperature[ΔS(r)=
S(r)−Sbulk].
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In addition, we investigated the hydrogen bond, orientation,
and translation dynamics of the two populations. Whereas an
average lifetime of the hydrogen bond (τHB) of 1.08 ps was
found for HB-hydration2bulk, which is almost bulk-like (τHB =
1.04 ps), a deceleration of the HB dynamics was observed for
HB-wrap (τHB = 1.36 ps). Changes in the orientation
relaxation dynamics are quantified on the basis of MD
simulations by calculation of the water dipole reorientation
time τμ (Figure S11). We deduced τμ values of 2.92 ps for the
water molecules forming the HB-wrap in the inner layer and
4.36 ps for the three water molecules close to the OH group of
tert-butanol. A much faster and “bulk-like” water orientation
dynamics was observed in the outer layer, where τμ = 1.88 ps.
This is in line with previous studies reporting a slower
orientation dynamics in the vicinity of hydrophobic
solutes.9−12 See Table 1 for a summary. Surprisingly, and in
contradiction with an “ice-like” picture, our work shows that
this “slow” water population close to the hydrophobic solute
(inner layer) is undercoordinated rather than tetrahedrally
coordinated. Also, the water residence time is increased in the
inner layer (8.9 ps) compared to that in the outer layer (2.1
ps).
A temperature-dependent analysis of Δq similar to Figure

2C demonstrates that the HB-wrap population in the inner
hydration layer persists longer with an increase in temperature
than the more tetrahedrally ordered HB-hydration2bulk in the
outer layer. Thus, we attribute the previously reported onset of
the experimentally observed transition from an overall
increased tetrahedral order to more disordered water with

increasing temperature9−12,16 rather than to an overall
homogeneous change to a more local decrease in tetrahedrality
in the outer hydration shell, while the inner shell (contributing
to the HB-wrap population as probed in the 164 cm−1 band)
persists up to higher temperatures. The eventual collapse of the
inner shell at high temperatures [here predicted at ∼330 K
(see the Supporting Information)] explains the significant
increase in the number of undercoordinated water molecules
and dangling OH bonds with an increase in temperature as
observed in the previous Raman spectroscopic studies of small
alcohol chains.13 Thus, both pictures can be reconciled when
going from a local to a global perspective.
AIMD Simulations of the THz Fingerprints. To link the two

HB-wrap and HB-hydration2bulk populations to the exper-
imentally observed THz spectrum, we compare in Figure 1A
the experimental (top) and simulated (bottom) absorption
difference spectra αdifference. The theoretical difference spectrum
is obtained from AIMD in the same way as in the experiments.
We have simulated the spectrum of water molecules in a
simulation box including one tert-butanol solute and subtracted
the simulated bulk water spectrum obtained from a simulation
box of liquid water at the same temperature. As shown in
Figure 1A, we find a remarkable quantitative agreement
between experiment and simulation for both temperatures
(290 and 310 K) up to 210 cm−1. Only qualitative agreement
is obtained beyond and up to 600 cm−1, because in this region
we find significant spectroscopic signatures from tert-butanol
modes, which are not included in the water spectral
calculations (see Figure S7). In Figure 1B, we display the

Figure 3. Temperature-dependent changes in hydration water structure affect solvation entropy. (A) THz-active contributions to the solvation
entropy, S T S T S T C T T T( ) ( ) ( ) ( ) log( / )psolv solv ref ref refΔ * = Δ − Δ − Δ with Tref = 400 K (see the Supporting Information and refs 16 and 29), of
tert-butanol in the investigated temperature range as deduced from MD simulations (black circles), changes in the THz spectra (red triangles), and
conventional calorimetry (blue squares). (B) Effective number of hydration waters contributing to each THz band (ν164 and ν195) obtained from
the experimental spectra. (C) Illustration of the tert-butanol molecule and its first hydration shell at 273, 293, and 313 K. Voxels indicate regions
with a >30% increase in the water number density relative to the bulk liquid (the 3D analogue of the first peak in a radial distribution function), and
the color illustrates local variations in the absolute entropy per water molecule relative to bulk water at the corresponding temperature [ΔS(r) =
S(r) − Sbulk].

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

https://dx.doi.org/10.1021/acs.jpclett.0c00846
J. Phys. Chem. Lett. 2020, 11, 4809−4816
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Figure 1: (A) Schematics of LLPS, showing the formation of a protein-reach droplet (surrounded

by a diluted phase, omitted from the scheme). The changes in wrap (hydrophobic, red) and bound

(hydrophilic, blue) hydration water populations, which are determined in the present study to be a

characteristic feature of LLPS, are highlighted: wrap waters are released outside the protein-rich

droplets formed during LLPS, while bound waters are retained. (B) Spectroscopic signatures of wrap

and bound populations in difference THz spectra, as deduced in ref. 27 from the deconvolution of

hydrated alcohols �↵ spectra (black, where volume-scaled THz spectrum of bulk water is subtracted

from that of an alcohol solution). More details are provided in figure S5 of SI and refs.
27,31 (C)

and (D) Qualitative illustration of how wrap and bound THz signatures change upon LLPS. The
shaded areas show the difference from before (dashed line) to after (solid line) LLPS takes place.

the volume excluded effect) and direct
H-bonding with the solute cause bound
water molecules to have restricted rota-
tional motion. If we calculate the differ-
ence in adsorption with respect to bulk
(�↵bound), the restricted rotational mo-
tions of bound waters result in a decrease
of absorption around 250 cm

�1 and an in-
crease of absorption above 400 cm

�1 (blue
in fig.1-B).27 The spectroscopic �↵bound

population is proportional to �Gbound.27

The total hydration free energy of a protein
(or any solute) is given by the sum of the free
energy terms associated with these two steps:27

�Gsolv = �Gcavity +�Gbound (1)

As proposed before, THz-calorimetry is a new
method to quantify these partial contribu-
tions to solvation entropy and enthalpy directly

based on the changes in the measured ampli-
tudes of cavity-wrap and bound spectroscopic
populations.20,27,31 By assuming a specific heat
capacity for each population that differs from
the bulk, it was possible to predict solvation en-
tropy and enthalpy directly from experimental
observables, i.e. changes in �↵wrap,bound:27,31

�Gcavity = �↵wrap�Hwrap � T�↵wrap�Swrap

�Gbound = �↵bound�Hbound � T�↵bound�Sbound

(2)

where �Hwrap,bound and �Swrap,bound are con-
stant scaling factors (independent of the so-
lute) that define the linear correlation between
�↵wrap,bound and hydration entropy and en-
thalpy.20,27,31,41 Such linear correlations could
be firstly deduced from measurements on hy-
drated alcohol chains.20,27,31 The correlation

4
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with water. We show here that the same conclusion holds
true for solutes such as alcohols possessing a polar group
that can H-Bond water. This is possible because alcohol-
water interactions do not require significant restructuring of
the water network in the hydration layer (i.e. of the HB-
wrap) with respect to the empty cavity limit, as confirmed by
analysing H-Bond connectivity and dynamics within the
hydration layer from MD simulations (present study and
ref. [27] for more details). We propose that solutes with the
described properties can be classified as “wrappable”, since
alcohol-water interactions are well commensurate to the
HB-wrap formed in the hydration layer. Our framework
hence anticipates an effect of the topological and morpho-
logical aspects of the solute (being it a small molecule or an
extended surface) on its hydration free energy and solubility.
Such effects were observed in previous theoretical
studies[16,26,47,48] of biological interfaces, and our approach
offers a path for an experimental confirmation of these
important findings. Furthermore, our results have important
implications for applications of the LCW theory to ration-
alize solvation thermodynamics in general. Applications of
the LCW theory (which neglects attractive solute-water
interactions) rely on the implicit assumption that the cavity
formation term dominates for “sufficiently hydrophobic”
solutes. So far, this assumption could not be directly tested
experimentally, and our approach makes it possible to do so,
as we have shown here for small alcohols. As a perspective,
recent theoretical studies proposed that more complex
behaviors could arise when increasing the solute size: Hande
et al.[49] proposed that the length-scale cross-over predicted
by the LCW theory does not take place for large alcohols,
while Coe et al.[50] showed that vapor bubbles formed at the
interface between water and extended hydrophobic surfaces
have a prominent effect on hydration free energies. These
new findings call for further refinement of our theoretical

understanding, and THz calorimetry will be a valuable tool
to confirm and possibly improve these models.

In future studies, the THz fingerprints of wrap and
bound hydration water populations can be also used to
rationalize and quantify local thermodynamic contributions
to more complex biomolecule hydration. It will allow to
experimentally dissect the role that hydrophobic and hydro-
philic interactions play in many biological processes, such as
biomolecular recognition, as well as in non-equilibrium
processes, and thereby allow to tune these properties
separately for reaction steering.
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Figure 4. Small alcohol hydration free energy is the sum of A) an entropic cost of cavity formation, involving formation of a HB-wrap over the whole
hydration layer, and B) an enthalpic gain due to the attractive interactions formed by the alcohol OH group with bound water molecules. C) THz-
calorimetry quantifies both terms from THz translational (due to HB-stretching, red) and librational (blue) fingerprints of the hydration layer. In the
example, the THz spectrum at room T is decomposed into the two terms for tBuOH. D) The 164 cm�1 THz fingerprint in the HB-stretching region
probes the HB-wrap, while E) the librational band probes bound water molecules.
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with water. We show here that the same conclusion holds
true for solutes such as alcohols possessing a polar group
that can H-Bond water. This is possible because alcohol-
water interactions do not require significant restructuring of
the water network in the hydration layer (i.e. of the HB-
wrap) with respect to the empty cavity limit, as confirmed by
analysing H-Bond connectivity and dynamics within the
hydration layer from MD simulations (present study and
ref. [27] for more details). We propose that solutes with the
described properties can be classified as “wrappable”, since
alcohol-water interactions are well commensurate to the
HB-wrap formed in the hydration layer. Our framework
hence anticipates an effect of the topological and morpho-
logical aspects of the solute (being it a small molecule or an
extended surface) on its hydration free energy and solubility.
Such effects were observed in previous theoretical
studies[16,26,47,48] of biological interfaces, and our approach
offers a path for an experimental confirmation of these
important findings. Furthermore, our results have important
implications for applications of the LCW theory to ration-
alize solvation thermodynamics in general. Applications of
the LCW theory (which neglects attractive solute-water
interactions) rely on the implicit assumption that the cavity
formation term dominates for “sufficiently hydrophobic”
solutes. So far, this assumption could not be directly tested
experimentally, and our approach makes it possible to do so,
as we have shown here for small alcohols. As a perspective,
recent theoretical studies proposed that more complex
behaviors could arise when increasing the solute size: Hande
et al.[49] proposed that the length-scale cross-over predicted
by the LCW theory does not take place for large alcohols,
while Coe et al.[50] showed that vapor bubbles formed at the
interface between water and extended hydrophobic surfaces
have a prominent effect on hydration free energies. These
new findings call for further refinement of our theoretical

understanding, and THz calorimetry will be a valuable tool
to confirm and possibly improve these models.

In future studies, the THz fingerprints of wrap and
bound hydration water populations can be also used to
rationalize and quantify local thermodynamic contributions
to more complex biomolecule hydration. It will allow to
experimentally dissect the role that hydrophobic and hydro-
philic interactions play in many biological processes, such as
biomolecular recognition, as well as in non-equilibrium
processes, and thereby allow to tune these properties
separately for reaction steering.
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Figure 4. Small alcohol hydration free energy is the sum of A) an entropic cost of cavity formation, involving formation of a HB-wrap over the whole
hydration layer, and B) an enthalpic gain due to the attractive interactions formed by the alcohol OH group with bound water molecules. C) THz-
calorimetry quantifies both terms from THz translational (due to HB-stretching, red) and librational (blue) fingerprints of the hydration layer. In the
example, the THz spectrum at room T is decomposed into the two terms for tBuOH. D) The 164 cm�1 THz fingerprint in the HB-stretching region
probes the HB-wrap, while E) the librational band probes bound water molecules.
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with water. We show here that the same conclusion holds
true for solutes such as alcohols possessing a polar group
that can H-Bond water. This is possible because alcohol-
water interactions do not require significant restructuring of
the water network in the hydration layer (i.e. of the HB-
wrap) with respect to the empty cavity limit, as confirmed by
analysing H-Bond connectivity and dynamics within the
hydration layer from MD simulations (present study and
ref. [27] for more details). We propose that solutes with the
described properties can be classified as “wrappable”, since
alcohol-water interactions are well commensurate to the
HB-wrap formed in the hydration layer. Our framework
hence anticipates an effect of the topological and morpho-
logical aspects of the solute (being it a small molecule or an
extended surface) on its hydration free energy and solubility.
Such effects were observed in previous theoretical
studies[16,26,47,48] of biological interfaces, and our approach
offers a path for an experimental confirmation of these
important findings. Furthermore, our results have important
implications for applications of the LCW theory to ration-
alize solvation thermodynamics in general. Applications of
the LCW theory (which neglects attractive solute-water
interactions) rely on the implicit assumption that the cavity
formation term dominates for “sufficiently hydrophobic”
solutes. So far, this assumption could not be directly tested
experimentally, and our approach makes it possible to do so,
as we have shown here for small alcohols. As a perspective,
recent theoretical studies proposed that more complex
behaviors could arise when increasing the solute size: Hande
et al.[49] proposed that the length-scale cross-over predicted
by the LCW theory does not take place for large alcohols,
while Coe et al.[50] showed that vapor bubbles formed at the
interface between water and extended hydrophobic surfaces
have a prominent effect on hydration free energies. These
new findings call for further refinement of our theoretical

understanding, and THz calorimetry will be a valuable tool
to confirm and possibly improve these models.

In future studies, the THz fingerprints of wrap and
bound hydration water populations can be also used to
rationalize and quantify local thermodynamic contributions
to more complex biomolecule hydration. It will allow to
experimentally dissect the role that hydrophobic and hydro-
philic interactions play in many biological processes, such as
biomolecular recognition, as well as in non-equilibrium
processes, and thereby allow to tune these properties
separately for reaction steering.
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Figure 4. Small alcohol hydration free energy is the sum of A) an entropic cost of cavity formation, involving formation of a HB-wrap over the whole
hydration layer, and B) an enthalpic gain due to the attractive interactions formed by the alcohol OH group with bound water molecules. C) THz-
calorimetry quantifies both terms from THz translational (due to HB-stretching, red) and librational (blue) fingerprints of the hydration layer. In the
example, the THz spectrum at room T is decomposed into the two terms for tBuOH. D) The 164 cm�1 THz fingerprint in the HB-stretching region
probes the HB-wrap, while E) the librational band probes bound water molecules.
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From Δα to ΔS and ΔH: the equations of THz-calorimetry

Figure 1: (A) Schematics of LLPS, showing the formation of a protein-reach droplet (surrounded

by a diluted phase, omitted from the scheme). The changes in wrap (hydrophobic, red) and bound

(hydrophilic, blue) hydration water populations, which are determined in the present study to be a

characteristic feature of LLPS, are highlighted: wrap waters are released outside the protein-rich

droplets formed during LLPS, while bound waters are retained. (B) Spectroscopic signatures of wrap

and bound populations in difference THz spectra, as deduced in ref. 27 from the deconvolution of

hydrated alcohols �↵ spectra (black, where volume-scaled THz spectrum of bulk water is subtracted

from that of an alcohol solution). More details are provided in figure S5 of SI and refs.
27,31 (C)

and (D) Qualitative illustration of how wrap and bound THz signatures change upon LLPS. The
shaded areas show the difference from before (dashed line) to after (solid line) LLPS takes place.

the volume excluded effect) and direct
H-bonding with the solute cause bound
water molecules to have restricted rota-
tional motion. If we calculate the differ-
ence in adsorption with respect to bulk
(�↵bound), the restricted rotational mo-
tions of bound waters result in a decrease
of absorption around 250 cm

�1 and an in-
crease of absorption above 400 cm

�1 (blue
in fig.1-B).27 The spectroscopic �↵bound

population is proportional to �Gbound.27

The total hydration free energy of a protein
(or any solute) is given by the sum of the free
energy terms associated with these two steps:27

�Gsolv = �Gcavity +�Gbound (1)

As proposed before, THz-calorimetry is a new
method to quantify these partial contribu-
tions to solvation entropy and enthalpy directly

based on the changes in the measured ampli-
tudes of cavity-wrap and bound spectroscopic
populations.20,27,31 By assuming a specific heat
capacity for each population that differs from
the bulk, it was possible to predict solvation en-
tropy and enthalpy directly from experimental
observables, i.e. changes in �↵wrap,bound:27,31

�Gcavity = �↵wrap�Hwrap � T�↵wrap�Swrap

�Gbound = �↵bound�Hbound � T�↵bound�Sbound

(2)

where �Hwrap,bound and �Swrap,bound are con-
stant scaling factors (independent of the so-
lute) that define the linear correlation between
�↵wrap,bound and hydration entropy and en-
thalpy.20,27,31,41 Such linear correlations could
be firstly deduced from measurements on hy-
drated alcohol chains.20,27,31 The correlation

4

1. Create a cavity 2. Fill the cavity1. Create cavity 2. Insert solute



7
S. Pezzotti et al. Angewandte, e202203893 (2022)

From Δα to ΔS and ΔH: the equations of THz-calorimetry

Figure 1: (A) Schematics of LLPS, showing the formation of a protein-reach droplet (surrounded

by a diluted phase, omitted from the scheme). The changes in wrap (hydrophobic, red) and bound

(hydrophilic, blue) hydration water populations, which are determined in the present study to be a

characteristic feature of LLPS, are highlighted: wrap waters are released outside the protein-rich
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and bound populations in difference THz spectra, as deduced in ref. 27 from the deconvolution of

hydrated alcohols �↵ spectra (black, where volume-scaled THz spectrum of bulk water is subtracted

from that of an alcohol solution). More details are provided in figure S5 of SI and refs.
27,31 (C)

and (D) Qualitative illustration of how wrap and bound THz signatures change upon LLPS. The
shaded areas show the difference from before (dashed line) to after (solid line) LLPS takes place.
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characteristic feature of LLPS, are highlighted: wrap waters are released outside the protein-rich

droplets formed during LLPS, while bound waters are retained. (B) Spectroscopic signatures of wrap

and bound populations in difference THz spectra, as deduced in ref. 27 from the deconvolution of

hydrated alcohols �↵ spectra (black, where volume-scaled THz spectrum of bulk water is subtracted

from that of an alcohol solution). More details are provided in figure S5 of SI and refs.
27,31 (C)

and (D) Qualitative illustration of how wrap and bound THz signatures change upon LLPS. The
shaded areas show the difference from before (dashed line) to after (solid line) LLPS takes place.
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and bound populations in difference THz spectra, as deduced in ref. 27 from the deconvolution of

hydrated alcohols �↵ spectra (black, where volume-scaled THz spectrum of bulk water is subtracted

from that of an alcohol solution). More details are provided in figure S5 of SI and refs.
27,31 (C)
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�Gcavity = �↵wrap�Hwrap � T�↵wrap�Swrap

�Gbound = �↵bound�Hbound � T�↵bound�Sbound

(2)

where �Hwrap,bound and �Swrap,bound are con-
stant scaling factors (independent of the so-
lute) that define the linear correlation between
�↵wrap,bound and hydration entropy and en-
thalpy.20,27,31,41 Such linear correlations could
be firstly deduced from measurements on hy-
drated alcohol chains.20,27,31 The correlation

4

1. Create a cavity 2. Fill the cavity1. Create cavity 2. Insert solute

S. Pezzotti et al. Angewandte, e202203893 (2022)

Figure 1: (A) Schematics of LLPS, showing the formation of a protein-reach droplet (surrounded

by a diluted phase, omitted from the scheme). The changes in wrap (hydrophobic, red) and bound

(hydrophilic, blue) hydration water populations, which are determined in the present study to be a

characteristic feature of LLPS, are highlighted: wrap waters are released outside the protein-rich
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hydrated alcohols �↵ spectra (black, where volume-scaled THz spectrum of bulk water is subtracted

from that of an alcohol solution). More details are provided in figure S5 of SI and refs.
27,31 (C)
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capacity for each population that differs from
the bulk, it was possible to predict solvation en-
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What can we do with THz-calorimetry?

In addition, we investigated the hydrogen bond, orientation,
and translation dynamics of the two populations. Whereas an
average lifetime of the hydrogen bond (τHB) of 1.08 ps was
found for HB-hydration2bulk, which is almost bulk-like (τHB =
1.04 ps), a deceleration of the HB dynamics was observed for
HB-wrap (τHB = 1.36 ps). Changes in the orientation
relaxation dynamics are quantified on the basis of MD
simulations by calculation of the water dipole reorientation
time τμ (Figure S11). We deduced τμ values of 2.92 ps for the
water molecules forming the HB-wrap in the inner layer and
4.36 ps for the three water molecules close to the OH group of
tert-butanol. A much faster and “bulk-like” water orientation
dynamics was observed in the outer layer, where τμ = 1.88 ps.
This is in line with previous studies reporting a slower
orientation dynamics in the vicinity of hydrophobic
solutes.9−12 See Table 1 for a summary. Surprisingly, and in
contradiction with an “ice-like” picture, our work shows that
this “slow” water population close to the hydrophobic solute
(inner layer) is undercoordinated rather than tetrahedrally
coordinated. Also, the water residence time is increased in the
inner layer (8.9 ps) compared to that in the outer layer (2.1
ps).
A temperature-dependent analysis of Δq similar to Figure

2C demonstrates that the HB-wrap population in the inner
hydration layer persists longer with an increase in temperature
than the more tetrahedrally ordered HB-hydration2bulk in the
outer layer. Thus, we attribute the previously reported onset of
the experimentally observed transition from an overall
increased tetrahedral order to more disordered water with

increasing temperature9−12,16 rather than to an overall
homogeneous change to a more local decrease in tetrahedrality
in the outer hydration shell, while the inner shell (contributing
to the HB-wrap population as probed in the 164 cm−1 band)
persists up to higher temperatures. The eventual collapse of the
inner shell at high temperatures [here predicted at ∼330 K
(see the Supporting Information)] explains the significant
increase in the number of undercoordinated water molecules
and dangling OH bonds with an increase in temperature as
observed in the previous Raman spectroscopic studies of small
alcohol chains.13 Thus, both pictures can be reconciled when
going from a local to a global perspective.
AIMD Simulations of the THz Fingerprints. To link the two

HB-wrap and HB-hydration2bulk populations to the exper-
imentally observed THz spectrum, we compare in Figure 1A
the experimental (top) and simulated (bottom) absorption
difference spectra αdifference. The theoretical difference spectrum
is obtained from AIMD in the same way as in the experiments.
We have simulated the spectrum of water molecules in a
simulation box including one tert-butanol solute and subtracted
the simulated bulk water spectrum obtained from a simulation
box of liquid water at the same temperature. As shown in
Figure 1A, we find a remarkable quantitative agreement
between experiment and simulation for both temperatures
(290 and 310 K) up to 210 cm−1. Only qualitative agreement
is obtained beyond and up to 600 cm−1, because in this region
we find significant spectroscopic signatures from tert-butanol
modes, which are not included in the water spectral
calculations (see Figure S7). In Figure 1B, we display the

Figure 3. Temperature-dependent changes in hydration water structure affect solvation entropy. (A) THz-active contributions to the solvation
entropy, S T S T S T C T T T( ) ( ) ( ) ( ) log( / )psolv solv ref ref refΔ * = Δ − Δ − Δ with Tref = 400 K (see the Supporting Information and refs 16 and 29), of
tert-butanol in the investigated temperature range as deduced from MD simulations (black circles), changes in the THz spectra (red triangles), and
conventional calorimetry (blue squares). (B) Effective number of hydration waters contributing to each THz band (ν164 and ν195) obtained from
the experimental spectra. (C) Illustration of the tert-butanol molecule and its first hydration shell at 273, 293, and 313 K. Voxels indicate regions
with a >30% increase in the water number density relative to the bulk liquid (the 3D analogue of the first peak in a radial distribution function), and
the color illustrates local variations in the absolute entropy per water molecule relative to bulk water at the corresponding temperature [ΔS(r) =
S(r) − Sbulk].

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

https://dx.doi.org/10.1021/acs.jpclett.0c00846
J. Phys. Chem. Lett. 2020, 11, 4809−4816
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tert-butanol. A much faster and “bulk-like” water orientation
dynamics was observed in the outer layer, where τμ = 1.88 ps.
This is in line with previous studies reporting a slower
orientation dynamics in the vicinity of hydrophobic
solutes.9−12 See Table 1 for a summary. Surprisingly, and in
contradiction with an “ice-like” picture, our work shows that
this “slow” water population close to the hydrophobic solute
(inner layer) is undercoordinated rather than tetrahedrally
coordinated. Also, the water residence time is increased in the
inner layer (8.9 ps) compared to that in the outer layer (2.1
ps).
A temperature-dependent analysis of Δq similar to Figure

2C demonstrates that the HB-wrap population in the inner
hydration layer persists longer with an increase in temperature
than the more tetrahedrally ordered HB-hydration2bulk in the
outer layer. Thus, we attribute the previously reported onset of
the experimentally observed transition from an overall
increased tetrahedral order to more disordered water with

increasing temperature9−12,16 rather than to an overall
homogeneous change to a more local decrease in tetrahedrality
in the outer hydration shell, while the inner shell (contributing
to the HB-wrap population as probed in the 164 cm−1 band)
persists up to higher temperatures. The eventual collapse of the
inner shell at high temperatures [here predicted at ∼330 K
(see the Supporting Information)] explains the significant
increase in the number of undercoordinated water molecules
and dangling OH bonds with an increase in temperature as
observed in the previous Raman spectroscopic studies of small
alcohol chains.13 Thus, both pictures can be reconciled when
going from a local to a global perspective.
AIMD Simulations of the THz Fingerprints. To link the two

HB-wrap and HB-hydration2bulk populations to the exper-
imentally observed THz spectrum, we compare in Figure 1A
the experimental (top) and simulated (bottom) absorption
difference spectra αdifference. The theoretical difference spectrum
is obtained from AIMD in the same way as in the experiments.
We have simulated the spectrum of water molecules in a
simulation box including one tert-butanol solute and subtracted
the simulated bulk water spectrum obtained from a simulation
box of liquid water at the same temperature. As shown in
Figure 1A, we find a remarkable quantitative agreement
between experiment and simulation for both temperatures
(290 and 310 K) up to 210 cm−1. Only qualitative agreement
is obtained beyond and up to 600 cm−1, because in this region
we find significant spectroscopic signatures from tert-butanol
modes, which are not included in the water spectral
calculations (see Figure S7). In Figure 1B, we display the

Figure 3. Temperature-dependent changes in hydration water structure affect solvation entropy. (A) THz-active contributions to the solvation
entropy, S T S T S T C T T T( ) ( ) ( ) ( ) log( / )psolv solv ref ref refΔ * = Δ − Δ − Δ with Tref = 400 K (see the Supporting Information and refs 16 and 29), of
tert-butanol in the investigated temperature range as deduced from MD simulations (black circles), changes in the THz spectra (red triangles), and
conventional calorimetry (blue squares). (B) Effective number of hydration waters contributing to each THz band (ν164 and ν195) obtained from
the experimental spectra. (C) Illustration of the tert-butanol molecule and its first hydration shell at 273, 293, and 313 K. Voxels indicate regions
with a >30% increase in the water number density relative to the bulk liquid (the 3D analogue of the first peak in a radial distribution function), and
the color illustrates local variations in the absolute entropy per water molecule relative to bulk water at the corresponding temperature [ΔS(r) =
S(r) − Sbulk].

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

https://dx.doi.org/10.1021/acs.jpclett.0c00846
J. Phys. Chem. Lett. 2020, 11, 4809−4816
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✓ Accurate solvation free energies

by accounting for the temperature of our sample, T. The concentration in our model is that of

the protein condensate, rather than the starting protein concentration, which is determined

by the concentration indicated in the phase diagram for a known temperature (Fig.7) and is

further described in the Supporting Information. To our excitement, the entropy determined

from our minimal model shows a high correlation between the entropy calculated from the

released water in simulations (Fig.6). This correlation supports the argument that HB-wrap

water is being released or lost during the process of LLPS.

Figure 6: Entropy change associated with the wrapped waters in experiments potted against
the same for the released water in simulations. The solid line, which is a linear fit of the
data, has a positive slope of 1.8 showing a high degree of correlation between the simulation
and experiment.

Conclusion

In this combined experimental-computational work, we have studied the role of solvent ther-

modynamics, particularly entropy, as a driving factor for the condensation of a globular

protein, �D crystallin. THz spectroscopy could detect the involvement of two distinct cat-

egories of water in this process, namely, HB-wrap and bound water. These were directly

mapped to the released and retained water molecules, respectively, as observed in molecular

15
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What can we do with THz-calorimetry?
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✓ Watch free energy changes in real-time
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Liquid-liquid phase separation? Ask the water!

•  We can determine if LLPS takes place
•  The individual terms are huge, but compensate.
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Tuning the hydrophilic/hydrophobic balance

A

MKKRPKPGGWNTGGSRYPGQGSPGGNRYPPQGGTWGQPHGGGWGQPHGGSWGQPHGGSWGQPHGGGWGQGGGTHNQWNKPSKPKTNMKHMAGA

+++ + + + +
PB2PB1

+ + +

B

Figure 1. N1 but not N1●PB1+2>A undergoes LLPS. A, Aminoacid sequence of N1 and N1●PB1+2>A (PB, polybasic cluster). 
B, volumetric threedimensional reconstitution using Z-stack images (volume of 67.5 x 67.5 x 10 µm) from confocal laser scanning 
microscopy (upper panels, scale bar represents 10 µm). Fluorescence recovery after photobleaching (FRAP) was used to detect 
the protein mobility within the assemblies (lower panels).
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ΔΔα(ν), was fitted to a sum of three damped harmonic oscillators,
describing the relaxational, the intermolecular HB stretching, and
the librational modes with increasing frequency (36). The resulting
decomposed spectrum is shown in Fig. 2B.
The broad background extending to low frequencies (<100

cm−1) is attributed to dielectric relaxations and is found to be very
similar to bulk water. The maximum of the librational peak (i.e., the
hindered rotations) lies outside our experimental frequency range,
which stops at 450 cm−1. Thus, for the fits reported in Fig. 2B, the
center frequency of the librational modes of the water confined in
the cavity was fixed to 650 cm−1 as in bulk water (36). By closer
inspection, the increase in absorption with increasing frequency
from 180 to 400 cm−1 is smaller than in the case of bulk water:
ΔΔα(400 cm−1)/ΔΔα(180 cm−1) = 1.02 to 1.10 for confined water,
while ΔΔα(400 cm−1)/ΔΔα(180 cm−1) = 1.45 for bulk water. This is
indicative of a blue shift of the librational mode, which can be at-
tributed to a strong steric hindrance encountered by the librations of
the water molecules in the proximity of the cage’s internal surface.
A similar linewidth narrowing of the librational mode was found for
water confined in nanoporous silica glasses, but in that case it
exhibited a blueshift of the peak frequency itself due to interaction
with the hydrophilic matrix (46).
The most interesting part of the THz spectra arises from the

observation of an unperturbed center frequency of the inter-
molecular HB stretching mode of water confined in the Ga4L6

12−

cage. Table 1 provides the values of ~ν0 and w0 in which the
stretch band is centered at 180 cm−1 for confined water, which is
(perhaps surprisingly) not shifted with respect to the center
frequency of bulk water at 293 K (181 cm−1). The intermolecular
vibrations of the confined water are clearly red-shifted by
∼10 cm−1 with respect to the same mode for water cooled to its
freezing point (38), and by ∼35 cm−1 with respect to water under
high (∼10 kbar) hydrostatic pressures (Table 1 and SI Appendix,
Fig. S3) (37). Thus, the nanoconfined water cannot be consid-
ered as cold or pressurized water either, but indicates a similar
intermolecular HB strength like that of ambient water.
At the same time, the confined water shows a significant de-

crease in the damping of the intermolecular stretching mode,
characterized as a significant narrowing of the linewidth with

respect to bulk water at 293 K (Table 1). Any decrease in line-
width is an indicator for a decreased variance in the fast dy-
namics (36) (SI Appendix) and has also been ascribable to a
reduced number of degrees of freedom, i.e., an entropic signa-
ture of a more restricted set of molecular configurations that are
available (45). To place the linewidth of the nanoconfined water
into perspective, we find that its value of w0 = 250 cm−1 is greatly
reduced with respect to ambient, cold, and pressurized bulk
water (∼540 cm−1), as well as with respect to the two hydration
bands around the hydrophobic groups of alcohol chains and
lightly supercooled water at 266.6 K that exhibit linewidths be-
tween 340 and 440 cm−1. Instead, the observed linewidth of the
confined water interpolates between that observed for hexagonal
ice (w0 = 80 to 220 cm−1) and clathrate hydrates and amorphous
ice (w0 = 280 to 300 cm−1) (37, 38).

Theoretical Results. To provide support for the experimental in-
terpretations of the dynamics and structure described above, we
have performed AIMD simulations of the solvated [Ga4L6]12−
host to characterize the encapsulated water molecules, using a
well-characterized metageneralized gradient approximation
(meta-GGA) functional B97M-rV (47), shown to describe bulk
water well (48, 49). Fig. 3A provides the AIMD-simulated THz
spectra of water inside the cage and the bulk water spectrum
compared to experiment (Materials and Methods). The theoretical
spectrum reproduces accurately the two main features of the THz
measurements: 1) the same position of the intermolecular hydro-
gen-bonded stretching band at 180 cm−1 for both water inside the
cage and in the bulk, and 2) the reduction in linewidth for water
inside the cage with respect to bulk water. An AIMD additional
simulation with the [Et4N]+ guest does not exhibit differences in
interfacial properties near the cage or bulk (SI Appendix, Fig. S4),
and thus does not contribute to the difference THz spectra.
Given the excellent agreement of the theoretical spectra with

experiment, we can now analyze the trajectories to determine the
time-averaged number of water oxygen centers inside the salt-
free cage is 12.4 ± 0.7, whereas we find an average of 3.4 ± 0.6
water molecules inside the cage when filled with the cationic
substrate. However, in the water-filled cage, there are 9 ± 1

Fig. 2. Double difference spectrum, ΔΔα(ν),of the THz fingerprint of the water cluster in the cavity of Ga4L6
12−. (A) Experimental data at 10 mM (green

points) and 20 mM (purple points) solutions, at 293 K. The data at 10 mM have been rescaled to the 20 mM concentration for comparison. (Inset) Absorbance
spectra of ice Ih (blue line) from ref. 38, low-density amorphous ice (red line) from ref. 35, and ΔΔα(ν) at 10 mM. The maximum intensity of each spectrum has
been normalized to unity for the sake of comparison. The error of the absorption coefficients of bulk water, hexagonal ice, and amorphous ice is less than 5%.
(B) The different modes of the hydrogen-bonding network are dissected with a fit for intermolecular relaxation, HB stretching, and water librational modes
(see text and SI Appendix for details). (Inset) Fit of the intermolecular stretching band of ΔΔα at 10 and 20 mM, respectively, and of bulk water at room
temperature. All of the intensities have been rescaled to the maximum absorption of ΔΔα at 10 mM.
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water molecules that are dynamically distinct, with long resi-
dence times that exceed that of the 1- to 3-ps timescale of bulk
water (50, 51) by at least an order of magnitude, and connect
directly to what is observed experimentally. The remaining ∼3
waters undergo fast exchange dynamics with the bulk water at
the interface (SI Appendix, Fig. S4). These “fast” waters are
experimentally subtracted from the THz difference given in Eq.
1, and thus lead to no contradiction with their physical presence
in the cage from the simulation.
To quantify the motions for the water-filled Ga4L6

12− cage to
connect to the THz observable, we evaluate the intermittent
water–water HB autocorrelation function, CHB(t), as follows:

CHB(t) =
〈h(t)h(0)〉⟨h(0)2⟩ , [2]

where the operator h(t) is 1 when a given HB is intact and 0 oth-
erwise (53). We find that the HB-lifetime τHB is very similar for

all water regions ∼1 ps (Fig. 3B). This is in agreement with the
experimental observation that the central frequency of the
180 cm−1 band is unshifted for water inside of the cage and
the bulk. We have also calculated the orientational correlation
function of the dipole vector of the water molecules as follows:

C(2)
μ (t) = 〈P2[μ(t) · μ(0)]〉

〈P2[μ(0) · μ(0)]〉
, [3]

where P2 is the second-rank Legendre polynomial and μ(t) is the
water dipole moment (unit vector) at time t (54, 55). Inspection
of Fig. 3C reveals that water orientational dynamics is remark-
ably slower inside the cage when compared to the hydration and
bulk water, in which the orientation relaxation time, τ(2)μ is
∼2.5 times longer for water molecules in the host. The slowdown
of water orientational dynamics inside the cage can be rational-
ized in terms of the constraints imposed by confinement on
allowed reorientations and thus fewer hydrogen-bonded network

Table 1. Spectral parameters of the intermolecular stretching band of water confined in the
Ga4L6 cage and bulk water at different thermodynamic conditions

Fit parameter, cm−1 Water inside Ga4L6 Water (293 K) Water (273.2 K) Water (10 kbar)

~ν0 180 (4) 181 (2) 193 (2) 216 (4)
w0 249 (18) 537 (3) 557 (4) 542 (9)

Parameters are obtained by fitting a set of damped harmonic oscillators. The statistical 2σ error is given in
parentheses. Details and the results of the fit can be found in SI Appendix, Tables S1 and S2, Fig. S3, and Text (see
also refs. 37 and 38 for further details).

A

B C

D

E

Fig. 3. Water HB dynamics inside and outside the Ga4L6
12− cage. (A) Theoretical THz-IR spectra calculated for water inside the cage (blue) and for bulk liquid

water taken from previous work (48) (red). The intensities are rescaled in order to have the same intensity for the maximum at ∼180 cm−1 to aid comparison.
(B) Hydrogen-bonded lifetimes CHB(t) and (C) orientation correlation C(2)

μ (t) dynamics inside the cage (blue), in the hydration layer (cyan) and in the bulk liquid
(red). The characteristic relaxation times are also reported in the legend (details on defined regions are given in SI Appendix, Text and Fig. S5). (D) The t and q
order parameter space showing their values for cubic ice, water confined inside the cage, water in the hydration layer outside the cage (<4.1 Å), and bulk
liquid water. The t parameter value for cubic ice (t = 1) is estimated for a fcc crystal (52), while that the q parameter (q = 1) is that of a perfect tetrahedral
environment. The Inset illustrates the average position of the nine arrested water molecules with long residence time inside the cage. (E) Oxygen–oxygen
radial distribution function gOO(r) for water inside the cage (blue) compared to the bulk (red).
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Conclusions on THz calorimetry

•  We can directly correlate solvation structure-spectroscopy-thermodynamics

•  We can dissect local hydrophobic & hydrophilic hydration contributions
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Conclusions on THz calorimetry

•  We can directly correlate solvation structure-spectroscopy-thermodynamics

•  We can dissect local hydrophobic & hydrophilic hydration contributions

•  We can reveal solvation driving forces to catalytic and biological processes in real-time
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