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INTRODUCTION

Amino acids are not only the building blocks of pro-
teins but they often also act as intermediates in metabolism
as well as osmolytes that can stabilize proteins.1–3 Depend-
ing upon the “side group,” amino acids are classified as
hydrophilic or hydrophobic.4,5 Hydrophobicity of amino acids
is believed to be a key parameter that regulates phenomena
like protein folding-unfolding, aggregation, activity, protein-
ligand binding, and protein hydration in aqueous environ-
ments.6–10 It has also been established that the structure and
activity of biomolecules are slaved by the associated hydra-
tion.11 To unravel the heterogeneity in protein hydration, it
is of utmost importance to understand how individual amino
acid hydrates. Hydration of a native protein changes sub-
stantially during the structural unfolding process resulting
in the exposure of some of the otherwise buried hydropho-
bic amino acid residues.12,13 While analysing the solvation
of hydrophobic and hydrophilic parts of a protein sepa-
rately, one needs to take into consideration that the environ-
ment of amino acid residues is heterogeneous in nature as
they are often composed of hydrophobic alkyl chains and
hydrophilic groups. It is therefore essential to study the hydra-
tion of amino acids of various side chains in the exposure to
solvents.

From a thermodynamic point of view, a hydrophobic
solute when exposed to water creates a void by breaking the
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H-bonds adjacent to its surface, and the enthalpic penalty is
minimised by ordering the water network in a more favourable
direction.14 There have been several experimental as well as
theoretical studies carried out addressing the hydrophobicity of
the amino acids4,5,15,16 as well as the structure, stability, and
solvent effect on different amino acids.17–19 Aqueous solu-
tions of amino acids have extensively been studied using dif-
ferent experimental techniques involving IR spectroscopy,20

NMR spectroscopy,21,22 Raman spectroscopy,23 and neutron
diffraction,24 as well as using a molecular dynamics simula-
tion25 technique. Recently Panuszko et al. have investigated
the hydration structure in some amino acids using FTIR and
MD simulation studies.26 There have been a few dielectric
relaxation (DR) studies in the MHz-GHz frequency domain to
probe the dynamics of hydrated amino acids.27–29 These stud-
ies reveal that the rotational dynamics of amino acid molecules
take place in the ∼100 ps time scale. The cooperative reori-
entation motion of water molecules (∼10 ps) as reported in
these studies is an average effect of the solutes over the whole
hydration layer as this frequency window is unable to explic-
itly probe the ultrafast collective hydration dynamics. Sato
et al.27 have studied DR on a model amino acid glycine in the
range of 0.1-89 GHz. They reported three time scales of∼40 ps
for the rotational diffusive motion of glycine, and ∼9 ps and
1-2 ps for bulk water and localized free water or weakly
hydrogen-bonded dynamics, respectively. Rodrı́guez-Arteche
et al.28 carried out DR in a series of amino acids (glycine, ala-
nine, threonine, histidine, proline, arginine, and lysine) in the
0.2-20 GHz frequency range and observed that the rotational
motion of amino acids retards with size and concentration
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of the amino acids; however, water relaxation around amino
acids vaguely changes from one amino acid to another. It is
important to note here that DR in the GHz region is unable
to precisely probe the ultrafast cooperative water relaxation
around small solutes as it is affected by the rotational relaxation
of the solutes.

It thus stands pertained to understand how the long-
range collective water network around different amino acids
changes; such changes leave their imprints in the elusive THz
(1 THz = 1012 Hz = 1 ps�1) frequency window. THz spec-
troscopy is a potential tool to label free determination of the
collective dynamics of water around biologically important
solutes.30–32 Driving the solutes in the THz range associates
fast and efficient coupling of water network, which otherwise
is not realized in the conventional IR spectroscopy, as it is more
localized on the solute and little energy is transferred to the sur-
rounding water. DR in the THz region can probe the ultrafast
collective dynamics of the H-bond network, which extends up
to several hydration layers around the solute surface and is oth-
erwise wiped off in conventional spectroscopic techniques.33

Terahertz time domain spectroscopy (TTDS) offers an advan-
tage of measuring both the phase and the amplitude of the trans-
mitted radiation in a single experiment enabling the estimation
of various optical parameters (e.g., absorption coefficient (α),
complex refractive index (n), and complex dielectric constant
(ε)) of the corresponding solutions by numerically solving
Fresnel’s transmittance equations.34 Niehues et al. studied the
hydration of a series of amino acids in ∼2.4 THz window
and observed that α of hydrated amino acids can be correlated
with the hydrophobicity and fraction of polar volume of amino
acids. They have shown that glycine has the largest positive
THz slope followed by serine; whereas for the other amino
acids, the slope becomes gradually negative with increas-
ing hydrophobicity.35 They have simulated the hydration
dynamics around hydrophobic and hydrophilic model particles
using the MD simulation technique. In a more recent report,
Shiraga et al.36 have studied the hydration network around
a fixed concentration of glycine and a series of analogous
molecules in which hydrophobicity is progressively increased
by adding methylene groups into the side chains. The authors
found a correlation between the extent of H-bonding and
the hydrophobicity of the solute. It is important to note that
hydrophobic scales of amino acids, as introduced in previous
literatures, are mostly theoretical in nature and are based on
the gross calculation of the abundance of polar and nonpolar
parts in the amino acids.4,5 Thus the calculated hydration scale
is often not the best interpretation of their complex structures.
Solvent accessible surface area (SASA) is an important param-
eter that explicitly defines the hydration behaviour in pro-
teins.37 Likewise, amino acids can also be assigned to different
SASA values. It has been observed that the SASA of hydropho-
bic solutes often describes hydrophobic hydration in a better
manner. In the present study, we have used glycine (Gly) and
the L isomers of five different α-amino acids—serine (Ser),
aspartic acid (Asp), lysine (Lys), arginine (Arg), and trypto-
phan (Trp) of varying hydrophobicity and SASA (Table S2
of the supplementary material) and studied the DR up to their
maximum water solubility in the frequency window of GHz-
THz at neutral pH at 298 K. Our study is a preliminary step

towards understanding the complex hydration behaviour of
proteins, the organized assemblies of amino acids.

MATERIALS AND METHODS

Amino acids (Gly, Arg, Ser, Trp, Lys, and Asp) (Figure S1
of the supplementary material) were purchased from Sigma-
Aldrich and used without further purification (∼99% pure).
The samples were dissolved in a 10 mM phosphate buffer
of pH 7 and used after filtration with a syringe-driven filter
(Millex) of diameter 0.22 µm. Dielectric relaxation measure-
ments in 0.2-50 GHz regime were performed using a PNA-L
network analyser (N5230C) with an open ended coaxial probe
(85070E). Before the measurements, it was calibrated using
air, shorting block, and water as open, short, and load, respec-
tively, and the details could be found elsewhere.38–40 The
sample solutions were taken in a glass cylindrical container
of diameter greater than 1 cm. The solution in direct contact
with the coaxial dielectric probe alters the magnitude as well as
the phase of the reflected power observed by the network ana-
lyzer (NA). The real and imaginary dielectric constants were
then obtained from the software directly after each frequency
sweep.

THz experiments were carried out in a commercial THz
spectrophotometer (TERA K8, Menlo System) and the details
could be found in our earlier studies.41,42 A 780 nm Er doped
fiber laser having a pulse width of <100 fs and a repetition rate
of 100 MHz excites a THz emitter antenna producing THz radi-
ation having a bandwidth up to 3.0 THz (>60 dB). This THz
radiation is then focused on the sample and the transmitted
THz radiation is further focused on a THz detector antenna,
which is gated by the probe laser beam. Both the THz antennas
are gold dipoles with a dipole gap of 5 µm deposited on an
LT-GaAs substrate. To avoid water vapour absorption, all the
measurements were carried out in ultra-pure nitrogen atmo-
sphere with a controlled humidity of <10% at 298 K using
a liquid cell (Bruker, model A 145) with z-cut quartz win-
dows and a Teflon spacer of 110 µm thickness. Samples were
reloaded for three times in the sample cell, and nine full scans
were averaged together to minimize the error in the results.
By varying the time delay between the probe and the pump
beam, the amplitude and phase of the THz electric field were
measured as a function of time. Each experiment was repeated
three times. The optical parameters (e.g., absorption coeffi-
cient, refractive index, and complex dielectric constant) can
be obtained very precisely by analysing the data in TeraLyzer
software (Menlo system) and the basic equations are shown in
the supplementary material.

In the 0.2-50 GHz region, the real and imaginary dielec-
tric constants are fitted in a double Debye relaxation model
along with a DC conductivity term (σ). The complex dielectric
constant is given by the following Debye equation:

ε̃ (ω) = ε∞ +
Sslow

1 + iωτslow
+

S2

1 + iωτ2
+

σ

iωε0
, (1)

where Si = εi − εj+1 is the relaxation strength, τi (for i = 1,
τ1 = τslow, and S1 = Sslow) is the relaxation time scale of
the i-th relaxation process, and ε1 is the static dielectric per-
mittivity (εs) which is the sum of relaxation strengths, i.e.,
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εs = Sslow + S2 + ε∞. ω is the angular frequency and ε0 is the
permittivity in vacuum.

In the THz regime, the frequency dependent real and
imaginary dielectric constants are fitted into a multiple Debye
model. The following equation describes the frequency-
dependent complex permittivity, ε̃ (ω):

ε̃ (ω) = ε∞ +
Sslow

1 + iωτslow
+

S2

1 + iωτ2
+

S3

1 + iωτ3
+

S4

1 + iωτ4
.

(2)

The τslow, Sslow (=S1), and S2 values were taken from the
Debye fitting in the GHz region and were fixed during the
fitting of the THz data. In this region the conductivity term
was not considered due to their negligible effect on the fitting
parameters.

RESULTS AND DISCUSSION

The real and imaginary parts of the complex permittiv-
ity of the amino acid solutions in the 0.2-50 GHz frequency
window are fitted in a double Debye model (Equation (1)).
A representative figure for Gly in buffer is shown in Figures
1(a) and 1(b). The fitting parameters are shown in the sup-
plementary material (Tables S3–S8). The obtained time scales
and dielectric constants are in good agreement with the pre-
viously reported values involving similar amino acids.27,28 As
shown in Figure 1(c), the static dielectric constants (εs) of the
amino acids solutions increase with amino acid concentrations
as water molecules are replaced by more dipolar zwitterions
of the amino acids. In this frequency window, two relaxation
processes are involved: (i) a slow process corresponding to
the dipolar relaxation of the amino acid itself (τslow ∼ 100 ps)
and (ii) a faster one (∼10 ps) originating near∼18 GHz respon-
sible for the water dipole relaxation.28 τslow increases with the
size of the amino acids (Figure 1(d), inset). The size depen-
dent increase can be explained using the modified Stokes-
Einstein model43 which relates the microscopic relaxation time

FIG. 2. µeff plotted as a function of amino acid concentration. The inset shows
linear fits of relaxation strength (S1) with amino acid concentrations. The other
inset shows the fcC values (see text for details) for different amino acids.

of amino acid molecules (τ′slow) to the macroscopic dielectric
relaxation time τslow. Both the time scales are related to vis-
cosity (η) of the solution and effective volume (V eff ) of the
solute according to the following relation:

τ′slow =
2εs + ε∞,1

3εs
τslow =

3Veff η

kBT
. (3)

V eff is related to the molecular volume (Vm) as, Veff = fsCVm,
where f s is a geometrical parameter which accounts for the
deviation of the shape of a molecule from sphere and C rep-
resents a friction parameter that correlates the macroscopic
and microscopic viscosities. We use the τslow values obtained
from the dielectric fittings (Tables S3–S8 of the supplementary
material) and applying infinite dilution limit (τ′slow → τslow i.e.
η → ηslow) in Equation (3) and obtain the values of Veff of
the amino acids. From the Veff values we determine the fsC
values and plot them in Figure 2 (inset). The ideal value of
fsC is 1, and it is found that for all the four amino acids it
deviates from 1. For Lys (1.01) and Arg (1.15), the values are
slightly greater than 1 while in Gly (0.65) and Ser (0.87) it is

FIG. 1. (a) Real and (b) imaginary per-
mittivity, (c) static dielectric constants
(εs), (d) relaxation time scale (obtained
in Debye fitting of GHz data) of differ-
ent amino acids in buffer (pH 7). The
inset in (d) shows the τ1 (=τslow) value
as a function of the molecular volume of
the amino acids at a fixed concentration
of 0.5 M.
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considerably smaller. It should be noted that these observed
values are dependent on both the structure factor and the fric-
tion parameter. Gly being a nearly spherical molecule (fs ∼

1), the value of C is expected to be ∼0.65, which is in good
agreement with the previously reported values.27 Similarly a
near-spherical Ser also produces a value less than 1. This sug-
gests that water structuring around these amino acids does
influence its ideal rotation and is far from the stick limit.44

Arg and Lys being more like an ellipsoid have the fs values
which might deviate significantly from 1; however, the values
of C change in a manner such that the overall fsC value lies in
the vicinity of the ideal value of 1.

The fitting of the GHz data produces a faster relaxation
time scale of ∼10 ps which corresponds to the cooperative
rearrangement of water around the amino acids. We do not
observe much variation in this time scale with concentration
and the amino acid type. It should be taken into consideration
that this cooperative relaxation process occurs in ps to sub-ps
time scale which is too fast to be precisely estimated in the
GHz frequency region. We therefore do not discuss about this
time scale, instead we carry out TTDS measurements to probe
this relaxation process (see later).

In this context, it is interesting to investigate whether the
amino acid molecules aggregate, especially at high concen-
trations. We found a linear increase in the relaxation strength
(S1) for all the amino acids (Figure 2, inset). S1 is related to the
effective dipole moment of the solute due to the dipole-dipole
alignments (parallel or antiparallel). Aggregation of amino
acids would have resulted in a nonlinear behaviour. Our results
thus indicate that the amino acids hydrate individually even at
high concentrations and the solute dipole-dipole interaction is
screened by water molecules. For a quantitative apprehension,
we have used the Cavell equation45 that relates the measured
dielectric relaxation strength (Sj) of the j-th relaxation pro-
cess with molar concentration (cj) and effective dipole moment
(µeff,j) as

µ2
eff ., j

(1 − ajfj)2
= Sj

3
{
εs + (1 − εs)Aj

}

εs

kBTε0

NA

1
cj

, (4)

where εs is the static permittivity of the solution, Aj is the
shape parameter that accounts for the shape of the relaxing
particle (assuming a sphere Aj = 1/3), kB is the Boltzmann
constant, T is the temperature, and ε0 is the permittivity of
vacuum. aj and f j are the molecular polarizability and reaction
field factor, respectively. For the solute relaxation ( j = 1), we
assume a1 and f1 to be independent of concentration. Effective
dipole moment (µeff ,1) of the solute is related to the gas phase
dipole moment (µ0,1) by the following relation:

µ2
eff ,1 = g1µ

2
0,1, (5)

where g1 is an empirical factor, the value of which corre-
lates dipole-dipole orientation. g1 = 1 implies no orientational
correlation between the dipoles while g1 > 1 indicates par-
allel alignment and g1 < 1 indicates anti-parallel orientation
between the dipoles,

µ̂ ≡
µeff ,1

1 − a1f1
=

g1/2
1 µ0,1

1 − a1f1
. (6)

µ̂ changes only moderately with an increasing concentration
of amino acids (Figure 2). This indicates that hydrated amino
acids approach each other at elevated concentrations and the
dipoles align antiparallel; however, they do not aggregate.28

We estimate the maximum value of the correlation factors g1

by the following equation, and the thus obtained values are
shown in Table S1 of the supplementary material,

µ̂(cmax)
µ̂(c→ 0)

≈
g

1
2
1 (cmax)

g
1
2
1 (c→ 0)

= g
1
2
1 (cmax) . (7)

It can be noted that g1 (c→ 0) = 1, as at infinite dilution there
exists no correlation between the amino acid dipoles. µ̂(c→ 0)
is obtained from the intercept (y-axis) of the linear fitting of the
µ̂ vs. concentration plot. cmax is the maximum concentration
(maximum solubility) of each amino acid. As the obtained g1

values are less than unity and the deviation from the lowest
concentration value (where aggregation hardly takes place) is
less than 20%, we can unambiguously conclude that there only
occurs short range antiparallel ordering of the dipoles rather
than aggregation.

We now discuss the TTDS results. Representative time
domain and frequency domain transmitted THz signals
through air, empty cell, buffer, and glycine in buffer are shown
in Figure S3 of the supplementary material. Frequency depen-
dent absorption coefficient, α(ν), and refractive index, n(ν), of
the solutions are extracted from this frequency domain data
as depicted in a representative Figure S3(b) of the supplemen-
tary material for a glycine solution. α(ν) of the other amino
acids are shown in Figure S4 of the supplementary material. As
water molecules are replaced by less absorbing solutes, α(ν)
changes as (assuming ideal mixing of the components)

αid = αwϕw + αAAϕAA, (8)

where ϕw and ϕAA are the volume fractions of the buffer and
amino acid, respectively. We calculate ϕAA using the molecu-
lar volume of the amino acids (Table S1 of the supplementary
material)46 and αAA is the absorption coefficient of solid amino
acids which is very small47,48 compared to that of water.
The difference in the absorption coefficient (assuming ideal
mixing) could be obtained as

∆αid = (ϕw − 1) αw + αAAϕAA. (9)

We plot the difference in the absorption coefficient, mea-
sured at 1 THz, as a function of amino acid concentration
(Figure 3(a), solid symbols). The observed∆α values are found
to deviate from the calculated ∆αid values (broken lines). It is
therefore necessary to take into consideration a three compo-
nent model where the absorption coefficient of a solution is
given as33

α = αwϕw + αAAϕAA + αhϕh. (10)

In Equation (10), αh and ϕh are the absorption coefficient
and volume fraction of the solvation water associated with
the solutes, respectively. Hydrated solutes associate a dynamic
hydration shell which extends up to 5-7 Å from the solute sur-
face and offers an absorption coefficient different from that of
bulk water.49 Thus the overall change in α(ν) is a collective
contributions from the solvent, solute, and the hydration water,
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FIG. 3. (a) Difference in absorption coefficient of amino acids solutions with
respect to that of buffer (∆α = αs � αb) at 1 THz (closed symbols). The broken
lines represent the values according to a two component model assuming no
hydration at the amino acid interface (see Equation (8)). (b) THz slope as a
function of the SASA of amino acids. The Frömmel hydrophobicity index for
the corresponding amino acid is shown in the parentheses.

which makes the α(ν) profile to deviate from αid(ν).30,33 The
difference in ∆α thus manifests the absorption of the hydra-
tion layer around the amino acids. We notice that the extent
of deviation varies with the type of amino acids indicating the
specificity of amino acid hydration. For a better apprehension,
we fit ∆α (at 1 THz) as a linear function of concentration,
and the obtained THz slopes50 are provided in Table S2 (sup-
plementary material). For Gly the slope is positive, while it is
negative for Ser, Lys, and Arg. Asp and Trp are only mildly sol-
uble and the obtained∆α values are not strictly linear. Niehues
et al. have previously reported a change in the THz slope (in
the 2.4-2.7 THz range) according to the hydrophobicity scale
(Frömmel) of amino acids.35 We found that the THz slope
does not exactly follow the Frömmel hydrophobicity scale,4

rather it is linear with the corresponding SASA as depicted in
Figure 3(b). Our observation strongly corroborates Shiraga
et al.36 who reported a SASA dependent change in the H-bond
ability of glycine and analogous solutes.

Change in absorption coefficient at 1 THz provides infor-
mation on the hydration state of solutes.51 In our earlier studies,
we have found that ∆α is positive for the water structure
breaker solutes, e.g., guanidinium chloride,52 alkaline metal
cations,53 and urea,54 whereas it is negative for the water struc-
ture makers and hydrophobic solutes.54,55 Thus a positive ∆α
for Gly strongly suggests that it breaks the collective water
network owing to the preferential interaction of the amine
group of Gly with water.56 For the rest of the amino acids, the
observed negative ∆α unambiguously indicates the formation
of ordered water network structure around the amino acids,

the extent of ∆α being specific to the respective amino acids
and is linear to their corresponding SASA (Figure 3(b)). The
overall interaction of amino acids with water can be under-
stood as a result of two different effects: (a) interaction with
the –COO� group, which is believed to be a structure maker,
and (b) interaction with the –NH3

+ group which is a structure
breaker.56,57 Recent MD simulation studies58,59 also suggest
that the hydrophilic hydration by –COOH dominates over the
less hydrophilic –NH3

+. The observed change in ∆α as well as
in the THz slope is an optimization between these two oppos-
ing factors coupled with the hydration of the side chain of the
amino acids. With increase in SASA, more water molecules
get associated to hydrate the amino acids, and depending upon
the polarity of the accessible surface, the water-water tetra-
hedral network gets stronger or weaker. This perhaps makes
SASA a more accountable parameter to define hydration over
hydrophobicity.

Gly, the simplest of all the amino acids, is yet reckoned
as an unusual member of the amino acid family.60 We identify
an intriguing feature as the α(ν) curve of the buffer intersects
those of the Gly solutions (Figure 4). We plot the correspond-
ing νcrossover

52 (frequency at which the curves intercept each
other) as a function of Gly concentration [Figure 4 (inset)],
and it is observed that νcrossover shifts towards higher fre-
quency with concentration. νcrossover depends on the extent of
hydrophobicity of the solute surface in interaction with sol-
vents. Recently Heyden et al. computed the vibrational density
of states of water molecules (in the FIR region) at the surface
of a model protein λ*

6-85-repressor, and they found that the
vibrational modes in contact to hydrophilic residues get 5-
10 cm�1 blue-shifted leading to a decrease in the density of
vibrational modes below 55 cm�1 and an increase in the den-
sity of states above 55 cm�1.61 In Gly also with increasing
the concentration, the amino acid zwitterions orient them-
selves so that the hydrophilic –COOH group experiences more
water exposed. Such crossing, however, is not observed for the
other amino acids, at least in the studied frequency range. Per-
haps, the frequency is too much blue shifted as observed in
the present measurement window. Arg is another interesting
member in the amino acid family. It has considerable struc-
tural similarity to that of guanidinium (Gdm+) cation; however,
it shows a remarkably contrasting behaviour with proteins:
while Gdm+ denatures them, Arg modestly stabilizes.62 This

FIG. 4. Absorption coefficient (α) of glycine solution showing the crossover
with buffer. The inset shows the crossover frequency (νcrossover) as a function
of glycine concentration.
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FIG. 5. (a) ∆α measured at 1 THz of
GdmCl and L-Arg solutions as a func-
tion of concentration. (b) Frequency
dependent α at maximum concentration
of GdmCl and L-Arg (inset) and that of
the buffer.

makes it worth comparing their hydration behaviour. ∆α of
GdmCl (at 1 THz) increases linearly up to a concentration of
∼3M beyond which it does not change appreciably, and for
Arg it rather decreases linearly with increasing concentration
(Figure 5(a)). This result unambiguously concludes that while
Arg is a structure maker, GdmCl is a water structure breaker.
Gdm+ consists of a delocalised positive charge that makes
it highly polarisable, so water dipoles orient towards Gdm+

breaking the intermolecular water-water H-bond network.
On the other hand, for Arg the overall hydration depends
on the individual contributions of the hydrophilic guanidine
and acid units and the hydrophobic methylene (–(CH2)3–)
units. Unlike in GdmCl the guanidine unit of Arg is not
charged (at pH 7), and it forms weaker hydrogen bonds
with the under-coordinated water; consequently, it does not
break the water network to the extent Gdm+ does. More-
over, the hydrophobic methylene units are reluctant to inter-
act with water molecules; consequently, the water-water
H-bond around this unit becomes relatively strong. The Gly-
like remaining unit in its turn does break water network but not
to the extent to overwhelm the hydrophobic effect; this eventu-
ally enables an overall structure making notion. We also notice
a νcrossover in GdmCl solution; however, in the Arg solution it is
not found within the studied frequency window (Figure 5(b)).

We fit the real and imaginary dielectric constants of water
and amino acid solutions in a multiple Debye model (Equa-
tion (2)), and the fitting parameters are presented in Tables
S9–S14 (supplementary material). For the buffer we obtain
three time scales of ∼8.7 ps, ∼200 fs, and ∼80 fs, which are
in good agreement with previous studies.42 The ∼8.7 ps time
scale (designated as τ2) is due to the cooperative rearrange-
ment of the hydrogen bonded network while the component
∼200 fs (designated as τ3) emanates from either a quick jump
of under-coordinated water or small angular rotation preced-
ing a large angle jump.63,64 The ∼80 fs (designated as τ4) time
scale has its origin near the 60 cm�1 vibrational band due to
the hydrogen-bond bending and the related transverse acoustic
phonons which propagate in a direction normal to the hydro-
gen bonds in between two neighbouring water molecules.65,66

Due to the limited resolution of our setup, we do not observe
much variation in τ4 and would therefore make the subse-
quent discussions on the other two time scales only. The
results are depicted in Figure 6 and Tables S9–S14 (supple-
mentary material). As evident from the figure, the cooperative
relaxation time scale (τ2) is faster in Gly than that of bulk
water, whereas for the other amino acids it is slower. For

Gly zwitterion, the water-solute interaction is more favourable
in comparison to the water-water interaction; this breaks the
water-water H-bonds and eventually the cooperative relaxation
dynamics get accelerated. For the rest of the amino acids,
the increased hydrophobicity increases τ2 corroborating the
structure making notion as evidenced from the absorption
coefficient measurements (Figure 3(a)). We observe a good
correlation between the time scale τ2 and the SASA of differ-
ent amino acids (Figure 6(a), inset). With increasing SASA,
a higher number of water molecules get excluded from the
nonpolar/hydrophobic surface area of amino acids, and for
thermodynamic stabilization, they form stronger H-bonds with
the neighbouring water molecules to avoid minimum interac-
tion with the hydrophobic part. This eventually retards τ2. The
relatively faster component τ3, which essentially depicts the

FIG. 6. (a) Cooperative hydrogen bond relaxation time constant (τ2) of aque-
ous solutions of amino acids as a function of their concentration. The dotted
line is the time constant for the buffer solution. The inset shows the change in τ2
(measured at maximum amino acid concentration) as a function of the SASA
of amino acid. (b) Relaxation time scale τ3 corresponding to the jump orienta-
tion of water (obtained by Debye fitting of THz data) of different amino acids
solutions. The dotted line is the time constant for that of the buffer. The inset
shows the change in the time scale (∆τ3 = τsolution � τbuffer) at the maximum
concentration of the amino acids.
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jump reorientation dynamics, also shows a solute specific trend
(Figure 6(b)): we plot the difference in time scale ∆τ3 (=τ3,AA

� τ3,w) at the respective highest amino acid concentration in
the inset of Figure 6(b). It is observed that for Gly, Ser, and
Arg, it is increased compared to that of bulk water, while for
Lys, Asp, and Trp, it is marginally accelerated. The quick jump
motion responsible for this time scale is highly disfavoured in
Ser and Arg, which form highly structured water around it
(Figure 3); binding of water molecules with the hydroxyl and
amine groups present in the side chains of Ser and Arg perhaps
hinders this motion.

The time scales and the relaxation strengths obtained from
the TTDS measurements can be used to estimate the overall
hydration state in the solutions. We observe that the relax-
ation strength S2 mostly tends to decrease with increasing
concentration of amino acids (Tables S9–S14 of the supple-
mentary material). This can be explained by three possible
effects:67 (i) hydrogen bonded (HB) bulk water is replaced by
amino acids, (ii) HB hydration water around amino acids is
dynamically retarded, and (iii) amino acids perturb a fraction
of water molecules by breaking hydrogen bonds and create
non-hydrogen bonded bulk water (NHB), which is manifested
in the changes in the time scales τ3 and τ4. The molar concen-
tration of bulk water (Cbulk) can be calculated by the relaxation
terms obtained in Debye fitting using the following relation:36

Cbulk =
Ss

2 + Ss
3 + Ss

4

Sw
2 + Sw

3 + Sw
4

ρw

Mw
, (11)

where Ss
i and Sw

i represent the relaxation strengths in solution
and water, respectively, ρw is the density of water, and Mw is the
molecular weight of water. Molar concentration of hydrated
water (Chyd) is obtained by

Chyd = Cw − Cbulk , (12)

where Cw is the molar concentration of total water for a par-
ticular concentration (say, C) of the solute. The NHB water
population is consequently obtained as

CNHB =
Ss

3 + Ss
4

Sw
2 + Sw

3 + Sw
4

ρw

Mw
. (13)

We plot the molar concentrations Chyd and CNHB for different
amino acids in Figure 7. We found an increase in the Chyd as
the SASA of the amino acid increases, while the trend is oppo-
site for CNHB. The increase in the Chyd with SASA is intuited
as more water molecules interact with the side chains of the

FIG. 7. Concentration of hydrated (Chyd) and non-hydrogen bonded (Cnhb)
water molecules of different amino acids.

amino acids. The Chyd obtained for Gly is in good agreement
with previously reported value by Shiraga et al.36 Gly con-
tains the amino acid backbone only, and its hydration is due
only to the terminal NH3

+ and COO�. It has previously been
observed that with increasing hydrophobic chain length in Gly,
Chyd increases. In our study, the amino acids used contain both
hydrophilic and hydrophobic parts. Thus the linear increase
in Chyd, as observed by Shiraga et al.36 for analogous amino
acids, is not obvious in the present case. For example, the Chyd

for aminobutyric acid (Aba) and norvaline (n-Val) (with corre-
sponding SASA of 275 and 306 Å) is higher compared to those
of Lys and Arg containing relatively higher SASA. The hydra-
tion in Aba and n-Val is purely hydrophobic in nature while
in Lys and Arg it receives contribution from both, e.g., the
polar SASA of Arg is higher than that of Lys and accordingly
the latter has a slightly lower Chyd compared to the former.
CNHB is higher for Gly, which corroborates with the α mea-
surements showing the structure breaking notion of the amino
acid. For the other amino acids, it decreases monotonously
with increasing SASA. As described earlier, Lys and Arg con-
tain a considerable portion of polar SASA which can induce a
structure in surrounding water, and therefore can overwhelm
the disruption of HB network by hydrophilic Gly.68

CONCLUSIONS

We study the cooperative hydration dynamics of some
naturally occurring amino acids in a combined GHz-THz
frequency spectroscopic investigation. The various rotational
dynamics of the solutes and water are obtained by fitting the
dielectric data in a multiple Debye relaxation model. From
GHz study we observe that the molecular rotation of amino
acids correlates with their respective molecular volume. Also
it is concluded that the amino acids do not usually aggregate
even at high concentrations. From THz study we found that
Gly is a water structure breaker while the other amino acids
are structure makers. Consequently Gly accelerates coopera-
tive hydration, while the others retard. Our results establish
that hydration in amino acids depends both on its hydrophobic
as well as its hydrophilic nature of side chains. The present
study of understanding individual hydration of amino acids
is a step forward towards rationalizing the complex hydration
behaviour of proteins. Our study will pave the key understand-
ing of how individual hydration contributes towards overall
hydrophobic hydration of small poly-peptides and proteins.

SUPPLEMENTARY MATERIAL

See supplementary material for extraction of optical
parameters from TTDS measurements, chemical structures,
and physical properties of the amino acids (Tables S1 and S2,
and Figure S1). Debye relaxation fitting parameters are pro-
vided in Tables S3–S14. THz signal and frequency dependent
optical parameters are shown in Figures S2–S5.
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