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Abstract: Velocity correlation spectra (VAS) in binary mixtures of water and glycerol (G/W), obtained
by measurements using the modulated gradient spin echo (MGSE) NMR method, were explained by
the interactions of water molecules with clusters formed around the hydrophilic glycerol molecule,
which drastically change the molecular dynamics and rheology of the mixture. It indicates a thick-
ening of the shear viscosity, which could affect the dynamics of submerged macromolecules. The
calculation of the polymer dynamics with the Langevin equations according to the Rouse model,
where the friction was replaced by the memory function of the retarded friction, gave the dependence
of the dynamics of the polymer on the rate of shear viscous properties of the solvent. The obtained
formula was used to calculate the segmental VAS of the polymer when immersed in pure water
and in a G/W mixture with 33 vol% glycerol content, taking into account the inverse proportion-
ality between the solvent VAS and friction. The spectrum shows that in the G/W mixture, the fast
movements of the polymer segments are strongly inhibited, which creates the conditions for slow
processes caused by the internal interaction between the polymer segments, such as interactions that
cause disordered polypeptides to spontaneously fold into biologically active protein molecules when
immersed in such a solvent.

Keywords: molecular dynamics; glycerol–water mixture; Rouse model; NMR molecular self-diffusion
measurement; biopolymer folding

1. Introduction

A prerequisite for life is the ability of biopolymers such as DNA, RNA or proteins to
fold from a disordered polypeptide into a unique structure of a biologically active protein
molecule. Despite many research efforts, the folding mechanism is still poorly understood,
especially in the case of biopolymers immersed in certain liquids or their suspensions. In
the latter, as a solvent, it mainly refers to liquids with a hydrogen bond, such as water,
alcohol, glycerol and their mixtures, among which a significant part of research is focused
on glycerol–water mixtures (GW) [1]. In order to understand the role of molecular inter-
actions in the polymer folding in these blends, various measurement methods were used:
measurements of thermodynamic properties [2], broadband dielectric measurements [3,4],
infrared [5] and Raman spectroscopy [6]. These studies reveal changes in molecular struc-
ture beyond the first-neighbor level, but they do not reveal the general properties of the
mixture and their influence on molecular dynamics. Various NMR methods were also
used to characterize the structural and kinetics of protein reorganization [7–11]. A very
important contribution to the understanding of its dynamics was made by measurements
of the molecular self-diffusion coefficient D, which was initially measured by using the
tracking technique [12] and the interferometric method [13], but a particularly impor-
tant contribution was made by NMR spin echo methods in an inhomogeneous magnetic
field [14]. These methods use the magnetic field gradient ∇|B| = G (MFG) to detect the
translation displacement of molecules via an uneven precession of their atomic nuclear
spins. Particularly important are results on G/W mixtures [9,13,15] confirming the validity
of the Arrhenius behavior and the Stockes–Einstein relationship between D and viscosity η
in a wide range of temperatures.
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In our study, the measurement of molecular dynamics in liquids with the NMR gradi-
ent spin-echo method called modulated gradient spin echo (MGSE) [16] is discused. This
method uses a sequence of Carr–Purcell–Meiboom–Gill radio frequency (RF) pulses [17,18]
together with an MFG to modulate the spin phase and thus stroboscopically probe the
power spectrum of the velocity autocorrelation function (VAS) [16,19]. The method was
named modulated gradient spin echo (MGSE). The velocity auto-correlation function is
a quantity that contains information not only about D but also about the basic processes
of molecular interactions during diffusion [20] and therefore provides a deep insight into
the physics of molecular dynamics in liquids [21–23]. The same information about the
VAF of liquids was obtained by the neutron scatterings and also by the light scattering,
but the short time scale of these methods cannot extract information about its long-time
properties, as it is the case with the slow protein folding. Thus, the current understanding
of these processes comes from more than experimental results: they come from computer
simulations as well [24,25]; however, these largely depend on the chosen models.

2. Results and Discussion

A correction to the Rouse model by taking into account the hydrodynamic interaction
in liquids was introduced with the Zimm model of polymer dynamics [26], which relates
the Rouse modes of motion over long distances. However, in this study, we assume that
the hydrodynamic interactions are hidden in the memory of the delayed effect of friction,
as considered by Equation (5), and they are then expressed as the friction power spectrum
γ(ω).

The results of MGSE VAS measurements of pure water and G/W mixtures with
different glycerol content, shown in Figure 1, confirm that with increasing frequency, the
D(ω) of water molecules in pure water also increases, while it decreases in G/W mixtures
with a glycerol content greater than 10 vol%. Given that VAS is inversely proportional to
shear rate viscosity, we can conclude that in pure water, we have a rheological property
called viscosity thinning, while in a G/W mixture, there is viscosity thickening, both of
which determine the friction of the molecules in the liquid. It means that in water, the fast
movement feels less resistance than slow motion, while it is the opposite in a G/W mixture.
In the reference [27], the MGSE measurements of VAS in G/W mixtures are shown in
more detail, where it is shown that in the mixture with 5 vol% glycerol content, there is
no significant difference in the form of D(ω) than that of water: it is only slightly shifted
toward higher values. Thickening of the shear viscosity rate occurs in mixtures with a
higher glycerol content.

With the aim of understanding the dynamics of the polymer immersed in liquids,
we replace in Equation (8) for Dc(ω) and τc(ω) the friction γ with the inverse values
of the curve of VAS obtained by fitting the data of MGSE measurements for water and
for the G/W mixture with 33 vol% glycerol. In this way, we obtain quite different VAS
values of polymer segments, as shown in Figure 2, which reflect the dynamics of polymer
segments in different liquids. Thus, the VAS of the polymer immersed in pure water shows
a slight increase with frequency, which means that the motion damping decreases with
frequency. But in the case of polymer immersed in the G/W mixture, VAS has an unusual
peak at a frequency around 50 HZ with a width of about 150 Hz, which is twice as high
as the VAS value at higher frequencies. Its shape demonstrates that the fast movement
of the polymer segments in the G/W mixture is twice as damped compared to the slow
movements with a frequency in a narrow band around 50 Hz. The inhibition of fast
movements of polymer segments creates conditions for slow processes caused by possible
weak interactions between polymer segments, such as when dealing with the folding of a
polypeptide into a biologically active nRNA.

3. MGSE Method

The exceptionality of the MGSE method to probe directly the low-frequency range
of VAS was already tested by measurements in different systems. It was used to study
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the molecular dynamics in ordinary liquids [28], fluid motion in porous media [29–31],
segmental dynamics in polymers [32], and also the VAS in G/W mixtures [27], which is
also the subject of this article.

The measurements of G/W mixtures were performed on a 100 MHz NMR spectrome-
ter equipped with Maxwell gradient coils to generate MFG in steps up to 5.7 T/m at most.
We used a CPMG sequence together with a static MFG in such a way that the product of
the period of the CPMG sequence T and the amplitude of the MFG G were constant when
changing T, which is equal to the inverse value of the spin phase modulation frequency. The
high magnetic field and RF set-up magnet allow the precise modulation of the spin phase
in the interval from 50 to 3000 Hz, where the maximum MFG of our system determines the
highest frequency range of measurements. The results of our MGSE measurements of G/W
mixtures with different glycerol concentrations are shown in Figure 1.

4. Molecular Dynamics in Glycerol/Water Mixture

As in the case of MGSE measurements of ordinary liquids, where the obtained low-
frequency dependence of VAS could be explained neither by the decay of the long-tailed
VAF, which is supposed to be the result of diffusion in the vortices of hydrodynamic
fluctuations [33], nor by the model of short-term collisions between molecules, which are
commonly used in molecular diffusion described by the Langevin equation (LE), where
the friction γ and the random force f (t) are sufficient to calculate the VAS of molecular
diffusion [34], it turns out that also the results of MGSE measurement in G/W mixtures
differ from expected ones. We tried to find an explanation using the Langevin equation
model, where in addition to collisions, the force of interaction between molecules also
plays a role.These interactions are usually described by the Lennard–Jones potential, but
this is difficult to effectively include in the description even in the case of interactions
between molecules in pure water let alone between molecules in more complex systems,
such as interactions in the G/W mixture between water–glycerol and glycerol–glycerol
molecules. There were also unsuccessful attempts to solve the problem with the various
modifications of the Lennard–Johnson potential [35]. But, it turned out that the unexpected
form of VAS obtained in ordinary liquids can be described by LEs, in which the interaction
between colliding molecules is described by a simple harmonic potential [28]. This may be
explained by the fact that the fast motion of molecules at high temperatures averages out
the molecular interactions to such an extent that the description with the harmonic force
is quite sufficient [36]. Thus, the interaction of the i-th molecule with the mass Mi, which
interacts with the harmonic constant k with the n nearest neighbors, can be described by a
set of coupled LEs as

Mi
dx2

i
dt2 − γ

dxi
dt

+ k
n

∑
j 6=i

(xi − xj − a(t)) = fi(t). (1)

Inertialterms in all LEs can be neglected if we are dealing with light particles diffusing in a
medium with strong friction γ, thus obtaining the low-frequency part of VAS in the range
ω << γ/M in the form

〈vωiv+ωi〉 = D(ω) =
kBT

γ

n + τ2
c ω2

n2 + τ2
c ω2 , (2)

if neglecting the fluctuation of the location of the potential well created between the
coupled molecules, a(t). Here, kB is the Boltzmann constant, vωi =

∫ ∞
−∞

dxi
dt eiωtdt and

τc = γ/k are the correlation time. At zero frequency, the spectrum D(0) = kBT
nγ depends

on the number of coupled molecules, while at high frequencies, it is equal to D(∞) = kBT
γ ,

which is the diffusion rate of molecules that escape intermolecular capture and is equal
to the Einstein–Smoluchowski diffusion coefficient (ES) [37,38]. This formula provides a
good fit with the results of MGSE measurements in the case of pure water, as shown in
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Figure 1, as well as with the results of MGSE measurements of other liquids presented
in reference [28]. However, Equation (2) cannot be applied to G/W mixtures with higher
glycerol concentrations, which are presented also in Figure 1.

According to the references [39–43], in the G/W mixtures, the bond between water
molecules as well as between glycerol molecules is weaker than the bond between water
and glycerol molecules. It leads to the formation of clusters around hydrophilic glycerol
molecules, whose interaction with unbound water significantly changes the molecular
dynamics. When calculating the dynamics in the G/W mixture, we can no longer neglect
the inertial terms of LEs for clusters due to their large mass, and in addition, to simplify the
calculation, we use a slightly exaggerated assumption that the friction, γ, is equal to both
water molecules and clusters and also that the coupling constant between small and large
particles is also equal to k. Calculating with two sets of equations for nc heavy clusters and
nw light water molecules, we obtain VAS for water molecules as [27]

Dw(ω) =
kBT
γnw

 (nw − 1)τ2ω2

(nc + nw)
2 + τ2ω2

+
ncnw + τ2ω2 +

(
nw − ω2

ω2
o

)2

(2nc + nw)nc + τ2ω2 + n2
c ω2

τ2ω4
o
+
(

nw − ω2

ω2
o

)2

, (3)

Despite the oversimplifications, the calculated Equation (3) can be fitted to the measured
VAS for G/W mixtures with higher glycerol content, as shown in Figure 1 for G/W mixtures
with 33 vol% glycerol, if we assume that a water molecule only interacts with two of the
neighboring water molecules and one cluster, and also neglecting interactions between
clusters.

pure H2O

5 vol%G/W

10 vol%G/W

15 vol%G/W

20 vol%G/W

33 vol%G/W

50 vol%G/W

66 vol%G/W

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0

1

2

3

4

Frequency [ν /kHz]

D
(ν

) τ
×
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9
/m

2
s
-
1

Figure 1. Velocity autocorelation spectra of water molecules in pure water and in G/W mixtures
with different glycerol content. The curves represent the fitting with Equation (2) for water and with
Equation (3) for G/W mixture.

The measurements showed that the self-diffusion coefficient in a G/W mixture de-
creases with the temperature decrease, while the viscosity increases according to the ES
formula in a wider range around room temperature [44,45]. The SE formula was derived
by assuming that friction is related to the fluid viscosity η as γ = sπRη, where a spherical
object of radius R moves with small Reynolds numbers in the fluid according to the Navier–
Stokes equations, where the factor s depends on the boundary condition. This indicates a
direct relationship between the viscosity of the liquid and the diffusion constant. However,
in the generalized LE [20,46], which is used in the next section in the calculation of polymer
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dynamics, hydrodynamic interactions and correlations between random forces at different
times are taken into account by introducing friction forces with the memory kernel f (t),
which means that the friction acting on the particle depends on the friction at an earlier
time γ(t). Such a calculation leads to a generalized ES formula

D(ω) =
kBT

γ(ω)
. (4)

Here, the friction spectrum is related to the shear viscosity velocity spectrum as γ(ω) =
sπRη(ω). This formula was used to understand the swimming of microorganisms and
sedimentation in liquids [47], where the viscoelastic modulus of a complex liquid influences
the microscopic movement of small particles.

5. Dynamics of a Polymer in a Shear Rate Viscosity-Thickening Solvent

Experiments have shown [1,48] that the reconfiguration dynamics of unfolded proteins
can be described sufficiently well by the standard Rouse (RC) spring chain model with
internal friction, which was derived by Prince E. Rouse in 1953 [49,50]. The model consists
of N balls of mass m, which are linearly connected by harmonic springs with spring constant
k and move with a coefficient of friction γ. We will use this model in our case as well, but
we will have to take into account that the conformational dynamics of the polymer are
affected by the specific rheological properties of the solvent [51]. These properties could be
obtained from MGSE measurements of molecular diffusion of G/W mixtures, considering
the inverse proportionality between shear rate viscosity and VAS, η(ω) ≈ D(ω)−1, which
reveals the viscosity-thickening shear rates in the G/W mixture at a glycerol content equal
to or greater than 10 vol% [27]. Shear rate viscosity thickening might significantly affect
the dynamics of a submerged polymer.

The Rouse model neglects all the details of the chain structure and is consequently
only applicable to length scales at which the polymer appears as a very flexible chain with
universal properties. Thus, the polymer is approximated by a linear sequence of Kuhn
segments of length b large enough to permit the neglect of any stereochemical restriction
of the orientation of the Kuhn segments relative to each other. The treatment of dynamics
with LEs considers the polymer as a configuration of a linear sequence of Kuhn segments
large enough to be described by the vector R = (r1, r2, · · · , rm), where rj denotes the vector
of displacement of the jth ball from its equilibrium position. In the overdamped limit, the
chain dynamics can be described by coupled equations

k(rj−1(t) + rj+1(t)− 2rj(t))−
∫ 0

−∞
γ(τ)

rj(t + τ)

dt
dτ + fj(t) = 0 (5)

where, unlike the standard procedure, we included a retarded effect of friction with the
memory function as γ(t) [52]. In this approach, according to the oscillation and dissipation
theorem, the friction is related to the random force f j(t), as

〈fj(t)fj(0)〉 = kBTγ(t)δijδαβ, (6)

where α and β represent the Cartesian coordinates of forces. In the further calculation, we
use the usual procedure of converting Equation (5) to a set of Rouse modes [49], which
allows the calculation of the segmental MSD as the sum of Rouse modes [53]. With the
MGSE method, we only measure displacements in the direction of the applied MFG;
therefore, with the Fourier transform of the one-dimensional mean-squared displacement,
one-dimensional segmental VAS can be obtained, which can be approximated in the same
way as in the reference [32] as

D(ω, m)R = Dc

(
1 +

m

∑
p=1

ω2τc(ω)2

(p/m)4 + ω2τc(ω)2

)
, (7)
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where the number of modes can be approximately equal to the number of Kuhn segments,

m ≈ N, in the case of a long chain. Here, τc(ω) = b2γ(ω)
3π2kBT is the correlation time and

Dc = kBT
Nγ(ω)

is the center-of-mass diffusion coefficient of the coil [53]. If we convert the
above summation over the modes in Equation (7) into a calculation with an integral [54],
we obtain the VAS in the closed form as

D(ω)R = Dc{1 +
1
2

m
√

ωτc(ω)[
π√

2
− 4
√
−1(tan−1( 4

√
−ω2τc(ω)2)

− tanh−1( 4
√
−ω2τc(ω)2))]}. (8)

where the dependence of the dynamics of the Rouse chain on the rheological characteristics
of the solute is hidden in the friction spectrum in γ(ω) in Dc(ω) and in τc(ω) [55].

in water

in 33vol%G/W
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Figure 2. Autocorrelation velocity spectra of polymer immersed in water and in G/W blends with
33 vol% glycerol content (solid).

6. Conclusions

There have already been many attempts with various experimental methods and
simulations to find an answer to the question about the influence of the diffusion and
friction of a polymer on its folding, but the question remained unanswered [55,56]. Here,
we try to contribute to these efforts by finding a link between the dynamics of the polymer
and the rheological properties of the fluid in which the polymer is immersed. Measurements
using the MGSE method in G/W mixtures showed an unusual change in the VAS of water
at a sufficiently high glycerol content, which greatly changes the rheological properties of
the liquid. The interactions of water with the hydroxyl clusters formed around the glycerol
perturb the molecular dynamics in the G/W mixture to the extent that it changes from
the thinning of the shear viscosity rate to thickening at a sufficiently high glycerol content.
Calculation of the dynamics of a polymer immersed in G/W based on the Rouse model,
where the fixed viscosity factor is replaced by a memory function that describes the retarded
effect of friction, gives the VAS of the polymer, which confirms that thickening of the shear
viscosity inhibits fast segmental motion to create conditions for slow molecular processes,
such as folding polypeptides into a biologically active nRNA in such a solvent [57,58].
Figure 1 shows that this happens at a sufficient glycerol content when the rate of shear
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viscosity goes from thinning to thickening, somewhere in the range between 5 and 10 vol%
of glycerol content.
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54. Stepišnik, J.; Mohorič, A.; Serša, I.; Lahajnar, G. Analysis of Polymer Dynamics by NMR Modulated Gradient Spin Echo. Macromol.

Symp. 2011, 305, 55–62.
55. Hagen, S.J. Solvent viscosity and friction in protein folding dynamics. Curr. Protein Pept. Sci. 2010, 11, 385–395. [CrossRef]

[PubMed]
56. Jacob, M.; Schindler, T.; Balbach, J.; Schmid, F.X. Diffusion control in an elementary protein folding reaction. Proc. Natl. Acad. Sci.

USA 1997, 94, 5622–5627. [CrossRef] [PubMed]

http://dx.doi.org/10.1063/1.1742462
http://dx.doi.org/10.1016/j.physa.2020.124171
http://dx.doi.org/10.1140/epjb/e2018-90284-4
http://dx.doi.org/10.1016/S0921-4526(00)00469-5
http://dx.doi.org/10.1063/1.1336810
http://dx.doi.org/10.1006/jmre.2002.2556
http://dx.doi.org/10.1209/0295-5075/106/27007
http://dx.doi.org/10.1103/PhysRevA.1.18
http://dx.doi.org/10.1103/RevModPhys.17.323
http://dx.doi.org/10.1016/j.physa.2007.07.044
http://dx.doi.org/10.1103/PhysRevE.73.016111
http://www.ncbi.nlm.nih.gov/pubmed/16486220
http://dx.doi.org/10.1002/andp.19053220806
http://dx.doi.org/10.1002/andp.19063261405
http://dx.doi.org/10.1021/cr4006632
http://dx.doi.org/10.1103/PhysRevLett.91.157401
http://dx.doi.org/10.1073/pnas.0407968101
http://dx.doi.org/10.1126/science.259.5101.1570
http://dx.doi.org/10.1039/C7CP06482A
http://dx.doi.org/10.1021/ie071349z
http://dx.doi.org/10.1063/1.4939087
http://www.ncbi.nlm.nih.gov/pubmed/26747809
http://dx.doi.org/10.1143/PTP.33.423
http://dx.doi.org/10.1007/s003970000094
http://dx.doi.org/10.1063/1.4792206
http://www.ncbi.nlm.nih.gov/pubmed/23445002
http://dx.doi.org/10.1063/1.1699180
http://dx.doi.org/10.1039/F29787401789
http://dx.doi.org/10.1063/1.455620
http://dx.doi.org/10.1088/0034-4885/29/1/306
http://dx.doi.org/10.1063/1.3280067
http://dx.doi.org/10.2174/138920310791330596
http://www.ncbi.nlm.nih.gov/pubmed/20426733
http://dx.doi.org/10.1073/pnas.94.11.5622
http://www.ncbi.nlm.nih.gov/pubmed/9159122


Molecules 2023, 28, 5506 9 of 9

57. Gregory, R.B. The influence of glycerol on hydrogen isotope exchange in lysozyme. Biopolymers 1988, 27, 1699–1709. [CrossRef]
[PubMed]

58. Wang, Y.; Zocchi, G. Viscoelastic Transition and Yield Strain of the Folded Protein. PLoS ONE 2011, 6, e28097. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1002/bip.360271102
http://www.ncbi.nlm.nih.gov/pubmed/3069141
http://dx.doi.org/10.1371/journal.pone.0028097
http://www.ncbi.nlm.nih.gov/pubmed/22174767

	Introduction
	Results and Discussion
	MGSE Method
	Molecular Dynamics in Glycerol/Water Mixture
	Dynamics of a Polymer in a Shear Rate Viscosity-Thickening Solvent
	Conclusions
	References

