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ABSTRACT: Crowding is an inherent property of living systems in which biochemical
processes occur in highly concentrated solutions of various finite-sized species of both
low (molecular crowding) and high (macromolecular crowding) molecular weights. Is
molecular crowding fundamentally different from macromolecular crowding? To answer
this question, we use a femtosecond mid-infrared pump−probe technique with three
vibrational probes in molecular (diethylene glycol) and macromolecular (polyethylene
glycol) solutions. In less crowded media, both molecular and macromolecular crowders
fail to affect the dynamics of interstitial bulk-like water molecules and those at the
crowder/water interface. In highly crowded media, interstitial water dynamics strongly
depends on molecular crowding, but macromolecular crowding does not alter the bulk-
like hydration dynamics and has a modest crowding effect on water at the crowder/water
interface. The results of this study provide a molecular level understanding of the
structural and dynamic changes to water and the water-mediated cross-linking of
crowders.

In its natural state, a cell has a densely packed intracellular
environment with a high concentration of macromolecules

and cellular organelles.1 In addition to these macromolecules,
small molecules such as metabolites and osmolytes are present
in high concentrations. For instance, mammalian kidney
medulla cells contain urea concentrations of up to 5.4 M.2

The high concentration (up to 400 g/L) of macromolecules
and small molecules creates a crowded intracellular environ-
ment because, in general, while no single macromolecular or
molecular species occurs at high concentrations, taken together
they occupy a significant fraction (typically 40%) of the total
volume.3 This volume is thus physically unavailable to other
species. This reduction in intermolecular space forces
individual molecules to be constrained in a much smaller
space compared to a more dilute solution.4,5 This nonspecific
steric effect is always present, regardless of any other attractive
or repulsive interactions that might occur between solute
molecules. This is known as the excluded volume effect, and it
influences the diffusion rate, folded structure, structural
stability, and interactions of biomolecules.6,7 Organisms cannot
avoid cellular crowding and thus require strategies to deal with
it.
The effects of crowding on biomolecules such as proteins,

enzymes, and nucleic acids have been studied in great detail.8

Interestingly, it was observed that dissolved biopolymers, e.g.,
proteins, destabilize proteins in their native states via protein−
protein interactions, which contrasts to the conventional
notion that the exclusion volume effect by other proteins
generally contributes to an increase of protein stability in its

compact native state.9 However, in other studies, it was shown
that proteins are prone to form large aggregates as the extent of
crowding increases.10 However, it should be noted that these
changes in protein structure and stability induced by crowding
agents are likely to be correlated with water structure, but
unfortunately there do not exist many reports on the time-
resolved vibrational spectroscopic investigations of water
dynamics in molecular crowding environments. Water is one
of the most abundant cellular species.11 Cellular components
become tightly associated with water molecules, leading to the
formation of hydration layers that are more ordered and
osmotically inactive.1,12,13 In a highly crowded environment,
the hydration layers of biomolecules overlap by distances of
several nanometers, and the fraction of interfacial water varies
between 30% and 70% of the total water in a cell.11

Previous research has investigated the importance of
intracellular water to cellular activity. For example, the growth
rate of osmotically stressed Escherichia coli was found to be
dependent on the amount of cytoplasmic water because of the
enhanced cytoplasmic molecular interactions at increased
osmolality.14,15 In another study, it was concluded that there
is a lower number of free water molecules in tumor cells than
in normal cells.16 This supports the notion that the volume of
intracellular water is indeed correlated with the status and
property of a cell.17 More importantly, intracellular water has
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much weaker dielectric properties than pure water. For
example, the dielectric constant of a yeast cell is 50 or even
less.18,19 Molecular dynamics simulations predict values in the
range of 30−50 in a crowded environment.20 A decrease in the
dielectric constant favors electrostatic attraction and H-
bonding interaction and reduces the ability to sequester
hydrophobic components away from water. Therefore, a
question has arisen regarding to what extent the physicochem-
ical properties of intracellular water differ from those of a dilute
solution.
Polyethylene glycol (PEG) is, in this regard, one of the most

extensively studied macromolecular crowding agents because
of its high water solubility, low toxicity, biodegradability, and
apparent inertness to proteins.21,22 In our recent study on
macromolecular crowding (PEGDME, Scheme 1), we found

that interstitial water dynamics remains similar to that of bulk
water even in a highly crowded environment but that the
dynamics of surface hydration water molecules that are tightly
associated with the ether oxygen atoms of PEG are slower than
those in bulk-like water.23 A question that remains
unanswered, however, is how molecular crowding (i.e., cellular
media with high concentrations of small molecules with a low
molecular weight) affects the structural and dynamical
properties of water and how this differs from macromolecular
crowding. Therefore, in this study we focus on the water
dynamics in the molecular crowded environment and compare
it with the macromolecular crowded environment.
Unlike PEG, a molecular crowder does not have a large

degree of conformational flexibility. PEG molecules can adopt
multiple conformations (e.g., random coil and helical
structure) depending on the composition of constituent
molecules in solution and other parameters like temperature,
pH, and so on. The conformational transitions occur via
dihedral rotations along the C−C and C−O bonds of each O−
C−C−O segment in PEG. In contrast, DEG, even though it

can rapidly explore all the conformational space spanned by its
internal degrees of freedom, does not have long-lived
heterogeneous conformational states. PEG-based polymers
thus have the unique ability to allow water to adopt
constrained clathrate-like packing to avoid its hydrophobic
ethylene units while also maintaining much of its hydrogen-
bonding network due to favorable O−O spacing, which
effectively matches water’s H-bond geometry.24 A comparative
study of molecular and macromolecular crowding is important
because, when contact occurs between PEG/DEG and a
biological or chemical species, they share common hydration
layers, and those water molecules in the layers play an
important role in the function and stability of biological species
or polymers. However, studying water alone would not provide
a complete picture of the biologically important systems in a
crowded environment. Thus, we focus on both the water and
molecular crowders by attaching an infrared (IR) probe to the
crowder, something which has not been the subject of research
to date. In addition, we employ a third IR probe (HN3) to
identify changes in water density in the presence of molecular
crowding.
The most important question has been whether there is a

dynamic transition above a certain crowding threshold
concentration. King et al.25 carried out two-dimensional
(2D)-IR experiments to study the spectral diffusion dynamics
of a covalently linked metal carbonyl IR probe at the surface of
a lysozyme at different concentrations of PEG400 (which has
an average molecular weight of 400) and discovered a
transition to the collective slowdown of water dynamics at
around 60% PEG. Here, the collective slowdown means that
the dynamics of most water molecules becomes slow as
compared to that in bulk water and there is only a trace
amount of bulk-like water molecules as the extent of crowding
increases. A follow-up study by Hunag et al. attempted to
answer the question of whether this transition is a general
phenomenon or a protein-specific one. They used Overhauser
dynamic nuclear polarization (ODNP) to probe the hydration
dynamics at the surface of the wild-type human protein γS-
Crystallin. The water molecules in the hydration shell of γS-
Crystallin were found to behave like a bulk water (water
interacting with other water molecules) even in highly crowded
media, and no collective slowdown was observed.26 Our
previous study on macromolecular crowding also reported
bulk-like behavior in highly crowded media, and no collective
slowdown of water dynamics was found; however, the question
about whether this will hold true in the presence of molecular
crowding remains unanswered.
The molecular crowder investigated in this study is

diethylene glycol dimethyl ether (DEGDME), which is
shown in Scheme 1a. DEGDME does not have terminal
hydroxyl groups, meaning complications do not arise from
water−alcohol interactions. To gain a local and microscopic
picture of the crowded system, we use three different IR probes
(Scheme 1b) and employ the femtosecond (fs) mid-IR pump−
probe (PP) technique that has been applied to the studies of
local environments around IR probes.27−35 One of the three
probes is water itself, OD stretch vibration of HDO, that
provides information on the local structure and dynamics of
the water from the perspective of the water.36−40 The other
probes are the azido (NNN) stretch modes of both hydrazoic
acid (HN3) and TEGME-N3 (O-(2-azidoethyl)-O′-methyl-
triethylene glycol; Scheme 1b). The former provides
information from the solute’s perspective,41,42 while the latter

Scheme 1. (a) Molecular Structures of Diethylene Glycol
Dimethyl Ether (DEGDME), Its Azido Derivative, and
Poly(ethylene glycol) Dimethyl Ether; (b) Three
Independent IR Probes Used in This Study to Investigate
the Water Structure and Dynamics in Molecular and
Macromolecular Crowded Environments; Illustrations of
the Structure of Molecular Crowders and Solvating Water
(c) and That of Macromolecular Crowder and Bulk-like
Water (d)
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is used to determine how the crowder itself responds to
crowding stress. Our multiple-IR-probe approach provides a
complementary stereoscopic view of water and the crowder, as
well as any relationship that there may be between them.
Molecular crowding causes a blue-shift (i.e., a shift to a

higher wavenumber) of the OD stretch IR spectrum from 2506
cm−1 (0 wt % DEGDME) to 2583 cm−1 (90 wt % DEGDME),
a total of 77 cm−1 (Figure 1a). This large blue-shift indicates
not only a redistribution of equilibrium H-bond numbers and
H-bond strength but also the HDO molecules tightly
associated with the ether oxygen of DEGDME, which is
denoted as OD-e (Scheme 1).38 The considerable narrowing
of the red side of the IR spectrum indicates significant
disruption to the extended H-bond network of water
molecules. The significant IR absorbance on the blue side
with an increase in crowding stress is attributable to an
increase in the OD-e population. It should be noted that the
reduced electric field along the OD bond of the HDO bound
to the ether oxygen atom increases the OD stretch frequency
in a similar way to HDO molecules bound to anions in salt
solutions.37

Unlike the OD stretch mode, the azido stretch mode of both
the solute (HN3) and the crowder (TEGME-N3) undergoes
substantial red-shifts (i.e., a shift to a lower wavenumber) with
increased crowding (Figure 1b,c). The asymmetric stretching
vibration of azido is sensitive to the local density of water H-
bond donors and not to H-bond strength or polarity.42,43 As
crowding increases, the water−ether population builds up at
the expense of the water−water population and HN3
encounters fewer water H-bond donors. What is more
interesting is the increase in the line width (fwhm) of the
azido band of HN3 up to 50 wt % DEGDME, followed by a
decrease (Figure 1f) with further crowding. This increase in
width until 50 wt % means that the line is very broad and spans
frequencies from more water-like solvent environments to
those observed in water-poor solvents, indicating the presence
of heterogeneous H-bond environments around the azido
groups. However, when crowding becomes extreme (i.e., more

than 50 wt %), the solute HN3 experiences mostly water-poor
environments. This disruption to the water H-bond network is
further confirmed by the observation that the peak position of
the azido stretch band of TEGME-N3 in highly crowded media
reaches a value that is close to that of TEGME-N3 in
dichloromethane (a waterless environment; Figure 1g). The
fwhm of TEGME-N3 gradually increases with crowding but
does not show any sharp transition like PEGDME, which
exhibits a crowding-dependent conformational transition at a
macromolecular crowding of around 60 wt %.23 Note that
TEGME-N3 is used as an IR probe instead of DEGME-N3
because of the commercial unavailability of DEGME-N3 (it is
less stable in water) and because the number of EO units in
TEGME-N3 and DEGME-N3 are two and one, respectively,
excluding the terminal ether oxygen.
In time-resolved IR PP spectroscopy, vibrations are excited

with an intense light pulse, and the relaxation of the excited
vibrations back to the ground state is measured with a second,
weaker probe pulse. The excited vibrations relax by transferring
energy to its environment, generating lower-energy vibrations
within the same molecule or surrounding molecules; thus,
vibrational lifetime is highly sensitive to the local environ-
ment.44 Ultimately, the energy of the excited vibrations is
transferred into heat.
The isotropic IR PP spectra (Figures S1−S3 in Supporting

Information) of HDO (water), HN3 (water), and TEGME-N3
(dichloromethane) consist of a positive (0−1 transition)
ground-state bleach (GSB) and stimulated emission (SE)
peaks at around 2520, 2147, and 2105 cm−1 and a negative
(1−2 transition) excited-state absorption (ESA) peaks at 2430,
2116, and 2072 cm−1, respectively. One of the representative
isotropic IR PP spectra of the OD stretch mode of HDO in 90
wt % DEGDME solution is shown in Figure 2a.
The energy relaxation pathways for the excited OD vibration

of HDO involve the high-frequency modes of water and other
interacting molecules (e.g., the ether oxygen of DEGDME),
such as HDO bends and low-frequency bath modes like
intermolecular hindered transitional and librational modes.44

Figure 1. FTIR absorption spectra of the OD stretch of HDO (a) with the mean frequency (d) for different wt % of the molecular crowder. The
absorption spectra of the azido stretch (b and c; the symbols represent the raw data, and the solid lines are obtained by fitting the FTIR data with a
pseudo-Voigt function) of HN3 and TEGME-N3 along with their peak positions (e and g) and full-width at half-maximum (fwhm) values (f and h)
as a function of the crowding. The blue shaded area is for neat water, and the gray shaded area is for dichloromethane. As a comparison, the mean
frequency of the OD stretch of HDO (d) and the peak position (e and g) and the fwhm values (f and h) of HN3 and PEGME-N3 as a function of
macromolecular crowding are presented as red circles.
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Under molecular crowding, HDO can interact with other water
hydroxyl groups (OD-w) as well as with the ether oxygen of
DEGDME (OD-e). However, the coupled energy acceptor
modes of the OD group H-bonded to water are likely different
from those of the OD group H-bonded to the ether oxygen of
DEGDME.
In pure water, we measure a time constant of 1.6 ± 0.1 ps for

the OD vibrational lifetime after fitting the isotropic PP data
(see the Supporting Information for details).37 In less crowded
media (i.e., <30 wt % DEGDME), the population decay is
monoexponential, with a time constant similar to that of HDO
in water despite the fact that there are two subpopulations,
OD-w and OD-e. The apparent monoexponential decay
suggests that DEGDME molecules are segregated and
surrounded by abundant water molecules in such a way that
they become part of the extended H-bond network of water. At
10 wt % DEGDME, 67 water molecules are available per
DEGDME (22 water molecules per ether).
When crowding is increased to 30 wt % and above, the

population decay no longer fits a monoexponential function
but instead fits a biexponential function well. The faster
component (<2.5 ps) corresponds to bulk-like water (OD-w)
(Scheme 1) and the slower component (>3.5 ps) corresponds

to the OD-e population (Scheme 1). At 30 wt % and 50 wt %
crowding, there are 17 and 7 water molecules per DEGDME,
respectively (6 and 2 water molecules per ether), which
reduces to three (one water molecule per ether) at 70 wt %. At
80 wt % and above, there is less than one water molecule
available per ether. If all of the water molecules were associated
with ether oxygen, there would be only OD-e water, which
would result in a monoexponential decay at ≥80 wt %
crowding. However, in crowding as high as 90 wt %, 36% of
the relaxation occurs on a time scale consistent with the OD-w
population, suggesting a nonuniform distribution of water
molecules among the ether oxygen. The decomposed isotropic
PP spectra of the OD-w and the OD-e are shown in Figure
2b,c.
The vibrational lifetime of the OD-w component gradually

increases with crowding, and the increase in lifetime is
significant after crowding of 50 wt % (Figure 2d). Similarly,
the OD-e population exhibits a marginal increase in lifetime
value up to crowding of 50 wt %, after which the lifetime
becomes much longer (Figure 2e). Thus, crowding greater
than 50 wt % strongly affects both the OD-w and OD-e
populations and significantly slows their vibrational relaxations.
Careful observation of the peak position of the OD-w
component also reveals that the peak position is marginally
blue-shifted up until 50 wt % crowding, but crowding of more
than 50 wt % dramatically shifts the peak position to a higher
wavenumber (Figure 2b,c).
A water molecule forms up to four H-bonds with an

approximately tetrahedral geometry, and the ether oxygen of
the ethylene unit (−CH2−O−CH2−CH2−) of PEG-based
polymers or DEGDME is capable of forming two H-bonds. In
addition to this H-bonding, some water molecules have
hydrophobic interaction with the terminal methyl groups and
the ethylene segment. A water molecule near a hydrophobic
surface forms fewer and energetically altered H-bonds
compared to a bulk water molecule because the hydrophobic
surface restricts the space available for other water molecules
that are necessary for hydrogen bonding. However,
DEGDME’s oxygen is geometrically compatible with bulk
liquid water’s H-bonding network.45 This specific arrangement
helps the tightly associated DEGDME/water interface to
achieve a well-structured hydration shell. Although water
molecules in those hydration shells are dynamically con-
strained, they are fully capable of participating passively in the
H-bonding network of the second hydration layer. In essence,
all of the water molecules, except for the water molecules
directly in contact with DEGDME, should experience little, if
any, dynamical perturbation. This explains why the lifetime
increases marginally up until 50 wt % crowding. At and below
this point, there are more than two water molecules per ether
oxygen.
When crowding, however, increases to 70 wt % and above,

the overlap of hydration shells between DEGDME molecules
becomes significant and the availability of water molecules per
ether oxygen reduces to one or fewer. According to the Flory−
Huggins theory of polymers, the interaction parameter χ
defines these contacts: a χ less than zero favors polymer−
solvent interactions more than polymer−polymer or solvent−
solvent interactions, while a χ greater than zero leads to
polymer−solvent interactions being favored over the other two
interactions. The χ value becomes less negative with increasing
polymer concentration.46 In highly crowded media, the

Figure 2. (a) Isotropic IR PP spectra of the OD stretch of HDO in 90
wt % of the DEGDME solution. Population relaxation is
monoexponential below crowding of 30 wt %, above which it
becomes biexponential. The OD-e and the OD-w components are
shown in panels b and c, respectively. Vibrational lifetime (HDO) of
the OD-w (d) and OD-e (e) components are shown as a function of
molecular crowding (solid symbols) and macromolecular crowding
(open symbols). Molecular crowding significantly increases the
lifetime of both the OD-w and OD-e populations.
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DEGDME−water interaction is less favored, promoting
DEGDME−DEGDEM and water−water contacts.
The population decay provides direct evidence of water

aggregation and the truncation of the water H-bond network in
highly molecular crowded media. Furthermore, the molecular
crowder’s water-mediated cross-linking slows the OD-e
dynamics in highly crowded media. More evidence of the
depletion of water from the surface of DEGDME is seen in the
Fourier transform infrared (FTIR) spectra of TEGME-N3
(Figure 1c,g).
The vibrational (-NNN) probe covalently attached to the

molecular crowder (Scheme 1) provides a direct assessment of
the crowder’s behavior. In dichloromethane (a waterless
environment), the excited azido stretch vibration in
TEGME-N3 decays with two time components: 1.3 ± 0.2 ps
and 6.5 ± 0.3 ps (Figure 3c,d).47 In dilute solutions and less

crowded media, both the fast and slow time components
accelerate, reflecting the sensitivity of the azido stretch mode
to local water density.34,47,48 At increased crowding, both
lifetime components become progressively slower and reach
values that are close to those of TEGME-N3 in dichloro-
methane. This increase provides important evidence about
local water density surrounding TEGME-N3. In less crowded
media, excluded-volume effects are predominantly intra-
molecular, so crowders and water interact to form an EO/
water interface that allows the hydrocarbon groups to be
placed in the interstitial spaces, and the EO unit remains
extended and hydrated. As crowding increases, intermolecular
excluded-volume interactions cause crowders to share their
hydration shells with other crowders, thereby reducing their
association with water. This increased polymer−polymer
contact is reflected in the water clustering and dehydration
of DEGDME, corroborating observations of the population
decay of OD vibrations.
To determine how crowding affects a water-sensitive solute,

the azido stretch mode of HN3, which is an excellent
vibrational probe that reports the number density of water in

its immediate surroundings (e.g., the peptides and amino acids
of biomolecules) is employed.43,48−50 The vibrational lifetime
of HN3 is plotted in Figure 3a,b as a function of molecular
crowder concentration (%). As the crowding increases from 0
wt % to 50 wt %, the lifetime of the azido vibration gradually
increases from 2.5 ± 0.2 ps to 3.9 ± 0.2 ps. The fact that
vibrational relaxation remains monoexponential until 50 wt %
crowding (Figure 3a) strengthens the conclusion that
DEGDME’s first and second hydration shells are not very
different from bulk-like water in less crowded media. It is
important to note that the structured hydration shell at the
DEGDME/water interface is formed because the O−O
spacing of DEGDME matches with that between two H-
bonded water molecules. The tightly associated water
molecules mean that the majority of the water molecules,
except for those in direct contact with the DEGDME,
experience marginal dynamical perturbation in less crowded
media. The increase in the lifetime until 50 wt % crowding is
due to the disruption of water’s extended H-bond network and
heterogeneity in H-bonding (Figure 3a). DEGDME is the
smallest PEGDME-based polymer; thus, it cannot form a
highly extended structured hydration shells like PEGDME
(vide infra). Consequently, at crowding of 70 wt % and above,
intermolecular effects dominate. Molecular crowders are forced
to share their hydration shell to cope with increased crowding
stress. HN3’s lifetime no longer exhibits a single time constant
but rather has two different time components: a faster
component (≤2.5 ps) representing a bulk-like water environ-
ment (water aggregation) and a slower component (>4 ps)
corresponding to a water-poor environment (water-mediated
cross-linking).
In addition to vibrational population relaxation, polarization-

selective IR PP measurements allow orientational relaxation to
be analyzed. The orientational relaxation of water involves the
concerted breaking and reforming of the H-bonds of a water
molecule in a bifurcated H-bond configuration with two other
water molecules (incoming and outgoing) based on the
extended angular jump model proposed by Laage and Hynes.51

Any hindrance to these jumps, such as the reduced number of
H-bond partners or excluded volume effects, will slow the
relaxation.51 For HDO in water, the anisotropy, r(t) decays
monoexponentially with a time constant of 2.5 ± 0.2 ps
(Figure 4a).37

Crowding affects anisotropy decay because it does not
remain monoexponential. The anisotropy decay as a function
of crowding wt % is plotted in Figure S4, and it is fitted with
the equation (r(t) = R0 exp(− t/τr) + Rslow), except for 0 wt %.
The offset (Rslow) represents a slowly decaying component that
is not recoverable within the lifetime of the OD vibrations. The
slower component (Rslow) corresponds to the ether OD-e
where the excluded volume plays a major role. The bulk-like
water relaxation time constant τr (OD-w) shows a moderate
dependence on crowding due to the truncation of the extended
H-bond network of water. At 80 wt % crowding and above, τr
(OD-w) remains unaffected and the offset value marginally
decreases, suggesting water aggregation behavior.
Interestingly, the anisotropy decay of HN3 remains

unaffected by molecular crowding except the offset value. In
less crowded media, the hydration shell of the DEGDME is
geometrically compatible with the H-bonding of bulk water
and thus τr (HN3) relaxes on a time scale similar to that for
pure water. In heavily crowded media, water molecules
aggregate, and a third participant (a fraction of the HN3

Figure 3. Population relaxation of the azido stretch excited state of
HN3 (a and b) decays monoexponentially until 50 wt % crowding,
above which a slower component appears, representing HN3 either
residing at the crowder/water interface or at hydrophobic interstitial
methylene units in between ether oxygen. Both TEGME-N3 and
PEGME-N3 (c and d) exhibit two vibrational lifetimes, τ1 and τ2, in
dichloromethane and at all crowding concentrations. With an increase
in crowding, both lifetimes approach a value close to that in
dichloromethane. Details of the heating correction process (if
required) are presented in the Supporting Information.
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population in this case) encountering these water clusters does
not exhibit a relationship with crowding. Unlike HDO, HN3
generally forms a single H-bond with water; therefore, it is
believed that the effect of H-bond rearrangement on the
anisotropy decay of HDO will be larger than on that of HN3. A
fraction of the HN3 molecules residing in water-poor
environments are also affected because of the collectively
excluded volume effect and the reduction in H-bonding
partners as crowding increases. The population of this fraction
rises with crowding, as evident from the increase in the
amplitude of Rslow (Figure 3d).
We also measure the anisotropy of TEGME-N3 in

dichloromethane and find that it decays with a fast component
(3.0 ± 0.2 ps) and an offset (Rslow) of magnitude 0.04. This
biexponential decay indicates a wobbling-in-a-cone motion,
where the fast component arises from the azido group,
covalently attached to the tail segment of the molecular
crowder, wobbling around within a limited cone of angles.52

The restricted wobbling of the azido transition dipole
contributes to anisotropy decay but does not result in
complete decay. The offset corresponds to that incomplete
randomization.
The anisotropy decay of TEGME-N3 at crowding of 10 wt %

and above consists of a fast component (τr) and an offset.
Neither the fast component nor the offset exhibits any
considerable dependence on crowding in media with low
crowding (up to 50 wt %). The amplitude of the offset at 50 wt
% is approximately the same as that in dichloromethane. Above
50 wt %, both τr and the offset increase. In highly crowded
media, the presence of an offset value higher than that for
dichloromethane is due to the water-mediated cross-linking of
DEGDME and provides direct evidence of close contact
between polyethers. The water-poor environment is respon-

sible for the slower reorientation time in highly crowded
media.
Overall, in less crowded media, molecular and macro-

molecular crowders behave similarly. In water-rich solutions,
excluded volume effects are predominantly intramolecular, so
crowders (molecular and macromolecular) and water interact
to form a highly linked H-bond network that causes the
hydrocarbon groups to be engaged in the interstitial spaces,
while the DEG/PEG chain remains extended and hydrated.
We believe that the possibility of water adopting constrained
clathrate-like packing near hydrophobic ethylene units and
maintaining its H-bond network because of geometrically
favorable O−O spacing is less likely in DEGDME (n = 1)
compared to PEGDME (n = 21) because the longer chain
length of PEGDME provides a periodic arrangement of the
oxygen atoms that constructively supports a bulk-like
hydration interface. The outcome is a comparatively less stable
hydration shell for DEGDME than for PEGDME. The effects
are directly reflected in the vibrational lifetime of OD-w and
OD-e in DEGDME and PEGDME (Figure 2c,d).
In highly crowded media, molecular crowding significantly

slows the dynamics of both interstitial water and tightly
associated ether water. In contrast, macromolecular crowding
does not affect interstitial water dynamics but moderately
slows the dynamics of tightly associated ether water. PEGDME
responds to this high crowding by adopting a crystalline
structure similar to solid PEG, in which its contact with water
is minimized but optimized.53−56 This enhanced intermolec-
ular interaction favors the helical conformation of PEGDME
and water pooling. Hence, the water dynamics remain
unperturbed and the water associated with ether oxygen
shows a marginal dependence on crowding due to conforma-
tional flexibility.
The molecular crowder (DEGDME) lacks the conforma-

tional flexibility to adopt various conformations around the C−
C and C−O bonds of O−C−C−O unit segments because it
has only two EO units. It therefore responds to high crowding
by forming water-mediated cross-linking with neighboring
DEGDMEs. This enhanced intermolecular interaction reduces
the water consumed in the hydration of DEGDME and
facilitates water aggregation. These water aggregates are highly
constrained both dynamically and structurally because of the
termination of the extended H-bond network. As a result, the
interstitial water dynamics are significantly different from the
bulk-like water dynamics. Water participating in the hydration
of ether oxygen is also strongly affected as it mediates cross-
linking in highly crowded media.
In summary, the use of three different vibrational probes and

femtosecond mid-IR polarization-selective PP measurements
in this study offers detailed insights into three important
constituents of the intracellular environment: water, crowders,
and water-sensitive molecules. Crowding is an inevitable
characteristic of all cellular environments. The most important
finding is that molecular crowding affects both interstitial water
and water at the crowder/water interface in highly crowded
media, but macromolecular crowding does not alter the bulk-
like hydration dynamics and has only a modest crowding effect
on water at the crowder/water interface, even in highly
crowded media. This is because PEGDME’s highly structured
first hydration shell not only preserves water’s H-bonding but
also promotes and participates in the extended H-bond
network of water. Even in highly crowded media, PEGDME
(a long chain PEG polymer with 21 EO units) preserves

Figure 4. Reorientation time constants of HDO (a), HN3 (c), and
TEGME-N3 (e) as a function of crowding. The anisotropy decays
were fitted to a monoexponential function (τr) and an offset (Rslow),
and the fits were carried out at the peak frequency of the
corresponding vibrational band. All the anisotropy decays (HDO,
HN3, and TEGME-N3) are depicted in Figures S4−S6. The error bars
represent the error obtained from the fitting.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.8b03153
J. Phys. Chem. Lett. 2018, 9, 6584−6592

6589

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b03153/suppl_file/jz8b03153_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.8b03153


water’s H-bond network by adopting a compact and
presumably helical structure. For DEGDME (the shortest
PEG, with only one EO unit), hydration dynamics depend
strongly on crowding. Because of its low molecular weight,
DEDGME facilitates water-mediated cross-linking and sub-
sequent water aggregation in highly crowded media.
Our experimental data support the assertion that water in

highly crowded solutions like the cytoplasm will be
significantly affected by high molecular crowding but exhibits
bulk-like behavior in the presence of high macromolecular
crowding.55,57 Furthermore, we did not observe any coalescing
of bulk-like and surface hydration water with PEGDME or
DEGDME, indicating that there is no abrupt change in the
water dynamics associated with collective hydration. A far-
reaching impact of this study is that molecular crowding has a
considerable influence on water structure and dynamics, but
there is still a fraction of the water population that keeps a
certain proportion of water-sensitive solutes hydrated. This
supports the notion that the effect of crowding depends on not
only the stability of protein-specific hydration shells but also
the type of crowding.55 We anticipate that this comparative
study of highly crowded media will enhance the understanding
of the properties of water inside living organisms. In addition,
this comparative study on the shortest PEG and a longer
counterpart provides new information on PEG’s biocompat-
ibility and PEGylating of proteins (high molecular weight
molecules) or therapeutics (low molecular weight molecules).
Although we used a femtosecond mid-IR pump−probe

measurement method to study water dynamics in highly
crowded solutions, local structural and dynamical hetero-
geneities need to be studied by employing 2D-IR spectroscopy
and molecular dynamics simulation methods. Furthermore, it
would be interesting to study the crowding effects on water
structure and dynamics when the solutions contain highly
concentrated monomeric molecules and their polymers, which
is currently under investigation. Recently, we have shown that
ions and polyols in water at high concentrations tend to form
three-dimensionally extended network structures that are
intertwined with water H-bonding networks, which could be
one of the percolating phenomena.58 Unlike ions and polyols,
the ethylene glycols, e.g., PEG and DEG, have no H-bond
donors like hydroxyl groups. Therefore, they cannot
spontaneously form aggregates and network structures by
making multiple H-bonds with each other without any
bridging water molecules between them. Therefore, even if
percolating (sample-spanning) aggregates of ethylene glycol
molecules or polymers that are intertwined or intricately mixed
with water H-bonding networks are formed in highly
concentrated PEG and DEG solutions, they should involve
water molecules as an adhesive agent. It would be interesting
to investigate whether interfacial water molecules play a role as
glue or just a solvent medium in such highly crowded solutions
by carrying out molecular dynamics simulations in the future.
PEG is one of the most commonly and extensively studied

macromolecular crowders, but because PEG’s ether oxygen
atoms (O−O spacing) are geometrically compatible with the
bulk liquid water’s H-bonding network, our conclusion drawn
from the present experimental results for PEG and DEG
solutions cannot be considered to be universal. We thus
anticipate that systematic spectroscopic and comparative
studies of other molecular and macromolecular crowders
would provide crucial information on their different effects on
water structure and dynamics.
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