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Abstract

The molecular dynamics of the solvent molecules at liquid-solid interfaces in low molecular
mass gels and in bulk solvents have been identified and characterized with the aid of field-
cycling NMR relaxometry. The gels are formed by ethylene glycol (EG) and 1,3-propanediol
(PG) with different concentrations of 4,6,4',6'-O-Terephthylidene-bis(methyl o-D-
glucopyranoside) (gelator 1). The spin-lattice relaxation times of bulk solvents measured in
the function of Larmor frequency were analyzed assuming the intramolecular and
intermolecular dipole-dipole interactions. For analysis of the relaxation data for confined
solvents the two-phase fast-exchange model was assumed. It was found that in a low-
frequency range a dominating NMR relaxation mechanism of solvent interacting with internal
surfaces of pores in studied molecular gels is reorientations mediated by translational
displacements (RMTD). This dynamic process allows us to explain a very long correlation
time of the order of 10 s calculated for confined EG molecules and even longer one for PG.
The RMTD contribution to the relaxation is described by power-law frequency dependence.
In the 1/EG gels the exponent is equal to 0.5 for all gelator concentrations suggesting the
equipartition of the diffusion modes with different wavelengths. In this gel the relaxation
dispersion data were transformed to a susceptibility representation and a “master-like” curve
was constructed. In the 1/PG gel the exponent varies in the function of gelator concentration.
Different behavior of the relaxation dispersion shape is due to the relative sizes of the ordered
(at surface) and bulk-like phase. In 1/EG gel the surface layer of the ordered molecules is
always much smaller than the dimension of the gel cavities whereas it differs in 1/PG gel as a

consequence of the disruption of the PG aggregates due to the solvent-gelator interaction.
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1 Introduction

Physical, also known as molecular, gels are formed by low molecular mass gelators (LMOGs)
and organic solvents or water. The formation of these gels is a result of noncovalent
interactions mainly between gelator-gelator but interactions between gelator-solvent and
solvent-solvent molecules can also play an important role. Only a well-balanced combination
over these interactions leads to the gel formation. Otherwise, an unpredictable competition
between crystallization and gelation phenomena occurs. The noncovalent interactions such as
hydrogen bonding, n—r stacking, van der Waals and electrostatic interactions, coordination, or
charge transfer lead to the self-assembly of the gelator molecules into fibres and to physical
entanglement of the fibres, which creates a 3D network, which finally adsorbs the solvent into
its structure.'? The physical gels are thermoreversible and, depending on the molecular
structure of the LMOG and the solvent which is rigidified, it is possible to form nanoscale
superstructures such as nanofibres, nanoribbons, nanosheets, nanoparticles, helical windings,
etc. Some of these gels have an ability to alter their function in direct response to
environmental conditions such as temperature, light, pH, electromagnetic field, mechanical
stress and/or chemical stimuli. They are promising materials for bottom-up nanofabrication
tools in various fields, including the transport and release of drugs, foods, catalysis,
membranes, sensors, cosmetics, and environmental correction.'

Molecular gels, are the subject of an ever increasing number of studies not only because they
are very attractive for applications in various areas but also because of the fundamental
challenges that they raise.'™ One of a major challenges today is the role of the solvent after a
gel formation and rational design of small size molecular gelators coupled with an
understanding of the mechanism of gelation. Prediction of the gelling ability of a compound is
not straightforward and thus many gels are still found by serendipity rather than rational

design.
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Extensive studies of molecular gels have improved the understanding of the self-organization
of gelator molecules into a three-dimensional network structure, the gelation phenomenon, the
dependence of the thermal stability and of gel morphology on the gelation solvent.' '
Surprisingly, not many papers are devoted to the molecular dynamics of solvents in
molecular gels.'®** Molecular gels can be treated as porous materials in which the solvent
molecules are confined in pores (cavities) of a rigid matrix. It is well established for polar and
nonpolar liquids filled in porous media or liquids adsorbed on the surface of porous glasses or
fineparticle agglomerates that spatial restriction and interactions with surfaces (adsorption)
significantly influence the molecular dynamics of a liquid.23 A slowing down of the molecular
motions which are characterized by the correlation time up to 8 orders of magnitude greater
than in the bulk liquids is observed and the molecules tend to be oriented by the surface. On
the other hand, translational diffusion is comparatively fast, within an order of magnitude of
the bulk value. > The observed very long correlation times (10* to 10° s) of confined
liquids was successfully explained assuming that the dominating NMR relaxation mechanism
of liquids interacting with internal surfaces of porous materials is reorientations mediated by
translational displacements (RMTD).*

242728 45 the NMR method most suitable for the identification

The field-cycling relaxometry
and characterization of molecular dynamics in porous media and at liquid-solid interfaces.
With the aid of this method one can measure a frequency dependence of spin-lattice
relaxation time 77 which reflects the features of the spectral density function and, hence, of
the dipolar correlation function. With commercially accessible spectrometer this method
covers a broad frequency range from a few kHz to 40 MHz. Different contributions of the

molecular motions to the overall relaxation dominate at different frequency ranges and

therefore can be identified. The fast rotational motions dominate in the frequency regime
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above MHz whereas the slow motions like the molecular reorientation mediated by
translational diffusion dominate at kHz frequency.

The RMTD mechanism of relaxation was till now justified for liquids confined in nanometer-
scale pores with the aid of the field-cycling relaxometry.>?* In the present paper we will
shown that this mechanism also occurs for liquids confined to matrices of molecular gels but
only for those containing polar surfaces in combination with polar adsorbates.

: . 162021
Contrary to previous relaxometry studies

where only the weak solvent-gelator
interactions were indicated, in this paper we present for the first time a quantitative analysis of
proton spin-lattice relaxation dispersion of solvents for a strong case of interactions observed
in molecular gels. The studied gels are composed by LMOG 4,6,4',6'-O-Terephthylidene-
bis(methyl o-D-glucopyranoside) (1) with ethylene glycol (EG) and 1,3-propanediol (PG).
The gelator is composed of two glucopyranoside units linked to a benzene core. The surface
of the gel matrix formed by gelator 1 molecules is polar due to OH groups of sugar molecules
and thus can interact with polar EG and PG solvents. The chemical structures of both solvents
are closely related but as shown in the previous paper'® they formed with 1 gels which
differed as to the thermal stability, types of aggregates self-assembled during gel formation,
gel microstructure, and solvent diffusivity. In present studies we will show that the spin-lattice
relaxation of both solvents measured in the function of gelator concentration also behaves
differently.

The main purpose of the present work is to study the proton spin-lattice relaxation
mechanisms of the solvent in the 1/EG and 1/PG gels, the surface induced order and its
impact on the solvent dynamics. The measurements were performed in the function of Larmor
frequency, using field-cycling relaxometry method, at different gelator concentrations. The
studies gave us the opportunity to study the rotational and translational diffusion of the bulk-

like solvents inside the pores as well as the surface diffusion dynamic. The latter one is the
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crucial process of the RMTD, mechanism of the spin-lattice relaxation which served for the
interpretation of the spin-lattice relaxation data of confined solvents in the low frequency
range.

The studies presented in this paper have shown that RMTD mechanism of relaxation is
suitable for the interpretation of relaxation data for solvent immobilized in molecular gels.
Moreover, they also experimentally proved the solvent-gelator interactions after the gel

formation, which up until now were considered questionable.

2 Experimental section

2.1 Materials and gel preparation

4,6,4',6'-O-Terephthylidene-bis(methyl a-D-glucopyranoside) — gelator 1, was synthesized
according to the procedure described previously.”® Ethylene glycol (EG) and 1,3-propanediol
(PG) for gels preparation were provided by Sigma-Aldrich and used without further
purification. The gels were prepared from mixtures of powdered gelator 1 and a proper
solvent under different weight concentrations of gelator ranging from 0.5 to 4 wt% via a
thermal heating-cooling cycle, which allows the formation of the noncovalent interactions
responsible for the gel network. Upon cooling below a characteristic temperature Ty, the sol

is converted into an elastic gel that can hold its weight under the “tube inversion test.”

2.2 NMR relaxometry measurements

The proton spin-lattice relaxation time, 7j, of confined solvents and in the bulk state have
been measured in a function of Larmor frequency and gelator concentration with the
commercial fast field-cycling NMR relaxometer (Spin Master FFC 2000, Stelar Mede, Italy).
The measurements were performed in the frequency range from a few kilohertz to 25 MHz.

The sample was initially polarized in the polarization magnetic field Bpor = 0.625 T for a time

6
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tpor > 571. The sequence Bpor - Br - 7- Bacq - n/2-FID was applied, where 7 is the evolution
time, 7/2 is the radio-frequency pulse, and By and Bacq are correspondingly the relaxation and
acquisition magnetic fields. The switching time between applied magnetic fields was equal to
3 ms. Performing the experiment in the function of 7 permits for determination of the spin-
lattice relaxation time 77(BL), i.e., T1(w = yBr). The plot of the relaxation rate Ri(®w) (R =
1/T}) vs Larmor frequency is called the nuclear magnetic resonance dispersion (NMRD). The
time dependence of the magnetization curves was a monoexponential function over three
decades of time and for all gelator concentrations. The magnetization measured in the gels
comes only from the solvent protons because the contribution of the gelator protons, which
form a rigid matrix in the gel phase with strongly restricted motion, is undetectable under the
applied NMR measuring conditions. Because of the low resolution of field-cycling NMR
relaxometry measurements and the inhomogeneity of magnetic field, the resonances of OH
and CH, groups of PG and EG solvents totally overlapped. The measurements were
performed at 290 K corresponding to the gels phase. The temperature of the sample was
controlled by the Stelar VCT unit and stabilized within = 0.01 K accuracy. The experimental
error of spin-lattice relaxation measurements was estimated to be less than & 2 %. The gelator

concentration in studied gels varies from 0.5 to 4 wt%.

2.3 Microscopic observation

The gel microstructures were taken by an Olympus BX53 microscope (Japan) and Olympus
Stream START software used for recording and analyzing obtained images. The
configuration of the system allowed for observation with the use of phase contrast mode,
differential interface mode and polarizing mode which allowed visualizing molecular

aggregates of the gelator. The images were obtained for a gel sample carefully cast on the
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microscopic slides covered with 130 um coverslip and immediately subjected to microscopic

observations.

3 Relaxation mechanisms

3.1 Dipole-dipole interactions

The intramolecular and intermolecular dipole-dipole interaction, respectively modulated in
time by molecular rotation and relative translational diffusion of molecules under study, is the
main spin-lattice relaxation mechanism of equivalent spins of the quantum number 2 (protons
in our case) in diamagnetic systems.3o The rotational motion leads to the fluctuations of the
orientation of the vector connecting the interacting spins within the same molecule with
respect to the direction of the external magnetic field. The relative translational diffusion of
the molecules modulates not only the orientation of the vector connecting the interacting spins
located on different molecules but also changes its distance. Assuming that the rotational and
translational motions are stochastically uncorrelated, the intramolecular and intermolecular
dipole-dipole interaction additively contribute to the measured spin-lattice relaxation,

described by a relaxation rate R; (R, = 1/T 1):3 0

Rl(w) = Rlintra ((0) + Rlinter(a)) ’ (1)

where @ is the Larmor frequency (@ = By, vy is the gyromagnetic ratio). R inya and R inter
describe the contribution to the relaxation originating from dipolar spin interactions within or
between the molecules, respectively, which are expressed in terms of spectral density
functions.” The density function J(w) is given as the Fourier transform of the correlation
function G () describing the fluctuations of the dipolar Hamiltonian, which induce the spin

transitions. The transition’s probability per time unit is proportional to the spectral density
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function and for single and double quantum transitions is directly reflected by the measured
spin-lattice relaxation rate of equivalent spins:3 !

R (0)=C[J (w)+4],2w)]. )

In eqn (2) i stands for an intramolecular or intermolecular contribution, C; is the effective

dipole-dipole constant, and J; () is the spectral density function. Ciy, is described by:

2 N 2
C= (“j 21(1+1)1[y2h j ’ 3)
4r ) 5 N i,j=1 !

i
where 4 is Planck’s constant, / is the spin number (/=1/2 for protons), i, is the permeability of
the vacuum, y is the gyromagnetic ratio, and r is the distance between a reference spin and
the ith spin in the assembly of the N spins within the molecules, the summation goes over all
spins in the molecule. For simple liquids, the density function Ji,, (@) for the rotational
diffusion modulating the intramolecular dipole-dipole coupling is usually expressed in the
Lorentzian form®' but for viscous liquids it is more appropriate® to assume a Cole-Davidson
form™ of this function:

sin[ f arctan(w7)]
o[l +(wr,) V"

Jinira (@) = 4)

The parameter f (0 < f < 1) reflects the distribution of the correlation time describing the
rotational motions in viscous liquids (for # =1 the function becomes Lorentzian). The constant
7cp is related to the rotational correlation time 7o by the following relation: 7o = f7cp. The
form of the spectral density function, Ji.(w) for translational diffusion modulating the
intermolecular dipole-dipole coupling, depends on the model assumed. The one frequently
used is the so-called force-free-hard-sphere (FFHS) diffusion model’”° 1t is based on the
assumptions that the interacting spins are located at the center of molecules that are treated as

a hard spheres and the translational motions are correctly described by Fick’s diffusion
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equation with proper boundary conditions where d is a distance of the closest approach, which

is of an order of the molecule size. The Ciy.: constant in the FFHS model is described by:

Cpo —1(1+1>( Ao py ] 43” (5) (5)

where 47 (ﬁ}j is the number of spins per unit sphere and d is the distance of the closest
3\d

approach of interacting spins. The intermolecular spectral density function in the FFHS model
is given as:

) 2 2
mter ((()) 72 i'[ i x 4 s 2 du ’ (6)
47 81+9u’ —2u* +u’®  u' +(0r,,,)

where u is the integration variable and the translational correlation time 7.,y is defined as:

Tirans = dz/Dlz and D is the relative translational diffusion coefficient.

The intermolecular dipolar interactions for bulk liquids tend to fluctuate much slower than
intramolecular couplings. The reason is that the time modulation of the former interaction is
governed by translational Brownian motions of the whole molecules over the distance
considerably exceeding the dimensions of the molecule whereas the latter one by rotational
diffusion about molecular axes.

The situation become different as soon as liquid molecules are adsorbed on an surface of
pores and an additional spin-lattice relaxation mechanism (or relaxation dynamical process)

226 starts to play a role.

called reorientation mediated by translational displacements (RMTD)
As a consequence of the liquid-pore surface interactions the adsorbed molecule tends to be
oriented in a preferential direction relative to the local surface and executes about this
orientation rotational diffusion comparable to that in bulk but hindered and incomplete
because of the surface. Consequently, this reorientation does not totally average out the

intramolecular spin interactions and causes a fast drop of the correlation function only to

some residual value. The intramolecular interaction is further modulated in time by

10
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translational displacement of the molecules along a rough and shaped pore surface with
different local orientations. As a result of this displacement the adsorbed molecule changes its
orientation according to the surface contour and to the external magnetic field B,. Such
molecular reorientations mediated by translational displacements of the molecules occur on a
much slower time scale than bulk rotational or translational diffusion. This dynamical process
known as RMTD is an efficient relaxation mechanism extending the orientation correlation
times while maintaining the translational mobility. The RMTD becomes effective at low
frequencies and was successfully applied to explain the extraordinarily long correlation times
(10*-107s) observed for liquids or liquid crystals confined to porous media, ionic liquids in
polymer matrix, or molecules adsorbed on surfaces of macromolecules or particle
aggregates.” 2! In such systems molecular translational diffusion despite the fact that it
modulates intermolecular spin interactions, additionally modulates intramolecular proton spin
interactions via the RMTD mechanism. RMTD requires polar surface and adsorbate
molecules but without specific chemical bonding sites on the surfaces. The displacement of
the molecules along the surface is executed by translational diffusion which can be the surface
diffusion in the proper sense (weakly adsorbing system) or bulk mediated surface diffusion®
(BMSD) (strongly adsorbing system). In the latter case many acts of adsorption and
desorption events occur before molecules are finally released to the bulk.

For normal surface diffusion the probability density for the displacement r in time ¢ is
described by Gaussian form and can be analyzed in terms of modes with wave numbers gq.
The spectral density function Jy(@)rmtp required for the calculation of 7; contains the
Lorentzian-type contribution of all ¢ modes, weighted by the orientational structure factor
0(q), which depends on the surface structure. The Ji (@)rmrp in the interval between g, and

¢max 1 thus expressed as:

11



Soft Matter

21q

W dq, (7

J @ = [ o)

where 7; = (Dg*)" is the characteristic time, which described the exponential decay of the
orientational correlation function for the diffusion mode with the wave number ¢, and D is the
diffusion coefficient. Eqn (7) links dynamics properties of adsorbate molecules with structural
details of the adsorbent surface.

Within the assumption that in the range between guin and gmax all modes are equally weighted

the relaxation rate induce by RMTD is given by:>=2%"*!

_ L Dryrpmax | 2| PrMrDmin 4 Orurpmax | _ | Pruromin | |, (8)
RIRMTD(w) ARMTD{wl/z |:f( o } f( o jj|+ (20))1/2 |:f( 20 } f( 2o jj|

with

w+1

f(w)= arctan(m + 1)+ arctan(m - 1)— arctan h(@] , 9)

and ORMTDmin = qumin, (ORMTDmax = qumax_ In eqn (8) the constant Armrp depends on the
residual dipole-dipole proton interaction which is averaged by local molecular orientations, on
the microstructural features of the confined matrix, on the diffusion coefficient and on the
fraction of the molecule at the surface. The low frequency cut-off @rmrpmin determines the
“inflection point” where Rirmrp (@) levels off into a frequency independent plateau. The
corresponding ZrmTDmax = 1/ @rMTDmin 18 the slowest decay of orientational correlation function
characterizing the diffusion along the mode with wave number gmi,. The relaxation rate
Rirmtp < @ behavior predicted by eqn (8) in the range between @rmTDmin and @rRMTDmax 18
characteristic for an equipartition of wave numbers describing different modes (QJ(q) = const).
Generally this factor is a complex function of the wave number. For specific ¢ dependence
0(q9) = cq™ + e (c and e are constants independent of ¢)* the Ripmp ¢ @® with parameter p
of different value than 0.5.

12
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3.2 Total relaxation rates

The spin-lattice relaxation of liquids confined to porous media is usually evaluated assuming
the two-phase fast-exchange model where some of the molecules at the surface formed one
phase and the other molecules within the cavities which behave like bulk molecules formed
the second one. The exchange is defined by an effective exchange time z.x which characterize
the exchange kinetics between two phases and can be rated fast or slow depending on the
reference time scale. The exchange is fast when referenced to the time scale of the spin-lattice
relaxation time but normally slow with reference to the RMTD process.*'*> With the
assumption that the RMTD process is much faster than the exchange process, the measured
effective relaxation rate R is described by two contributing phases: bulk-like, Rjpyk, and
surface (adsorbate), Rirmrp phase and given by eqn (12). The contribution of the exchange

mechanism is minor in the low frequency range and can be omitted*'**

Rlef/"(a)) = Rlbulk (a)) + RIRMTD (a)) (12)

The Rjpuik in eqn (12) is described by eqn (1) and Rirmtp by eqn (8) or in the frequency range

between @rmMTDmin and @WrMTDmax bY relation: Ripmrp o @F.

4 Results and discussion

4.1 Gels microstructure

The microscopic observations of 1/EG and 1/PG gel microstructures were performed not for
xerogels but for wet gels with PG and EG solvents still trapped inside gel matrices. Despite
the similarity of the solvents they formed a different microstructure in gels with 1.
Representative micrographs are shown in Fig. 1. The matrix of 1/EG gel changes its
microstructure with gelator concentration. For 0.5 wt% (not shown) and 2 wt% (Fig. 1a) the

matrix consists of bending fibers which formed more or less closed circles determining the
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large cavities filled with EG solvent. When increasing the gelator concentration to 4 wt% the
matrix additionally contains the bundles of crossing fibres with different lengths, and
orientations, dispersed in the gel (Fig. 1b). The matrix of 1/PG gel for 4 wt% gelator
concentration shown in Fig. Ic is much more regular and appears like a honeycomb. Such
supermolecular network clearly depicts the better entrapment of the solvent molecules as

compared to the 1/EG gel.

4.2 Solvent-pore surface interactions reviled by dispersion of the solvent spin-
lattice relaxation time

The confinement of liquids in the cavities of porous media influences their NMR relaxation
behavior. The origin of this effect is due to the geometrical restriction imposed by porous
media on the confined liquid molecules or liquid—pore surface interactions. In the matrices of
the studied gels, as shown in Fig. 1, the pores are in the order of tens of micrometers and are
large enough to not show the significant geometrical restriction effects. Consequently, any
effect observed on the spin-lattice relaxation data of solvent in gel as compared to
corresponding bulk solvent is mainly due to the solvent-pore surface interactions.

The NMRD profiles of ethylene glycol in 1/EG gel and of 1,3-propanediol in 1/PG gel,
obtained at different gelator concentrations, are shown in Figs. 2a and 2b, respectively. Both
solvents differ as to the value of the relaxation times. It is mainly a consequence of the
viscosity. The larger viscosity of PG solvent means slower molecular motions, stronger
dipole-dipole couplings and consequently shorter 77 (or longer R;) as compared to EG
solvent. Slower dynamics of PG causes also a shift of the frequency at which the maximum
dispersion occurs to a lower value as compared to EG. This dispersion starts to be seen at
about 10 MHz for PG but for EG is not pronounced in the studied frequency range. The most
important result shown in Figs. 2a and 2b concerns the shape of the NMRD profiles of

14
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confined solvents. They are significantly different as compared to the bulk. The relaxation
rates of bulk PG and EG solvents are frequency independent in the low frequency region
below 1 MHz whereas a broad and pronounced dispersion region appears in R; for PG and
EG in the gel phase. The R; of confined EG smoothly increases with decreasing frequency
until it reaches a plateau at about 0.01 MHz, well pronounced for larger gelator
concentrations. A similar behavior is also observed for confined PG but without reaching a
plateau in the studied frequency range. The observed low-frequency dispersion of the R; is a
consequence of a specific solvent-inner pore surface interaction which is a base of the RMTD,
an additional relaxation mechanism active in the low frequency range but only for confined
solvents. The RMTD leads to the shortening of the spin-lattice relaxation time of solvent
protons confined in gel as compared to the bulk solvent. As a result the low-frequency
dispersion is observed.

The solvent-pore surface interaction differs for EG and PG solvents as reflected by the
dispersion behavior in the function of gelator concentrations. For 1/EG gel amplitude of the
dispersion continuously increases as a function of the gelator concentration (see Fig. 2a). The
higher concentration leads to the larger matrix surface and consequently to the increase of the
efficiency of the solvent-pore surface interaction. For 1/PG the continuous increase of the
amplitude of dispersion is observed only up to 1.5 wt% followed by a small decrease of the
dispersion for 2 wt% gel and finally almost no dependence on the concentration is observed
for gels with higher concentrations. Such behavior is somewhat confusing. As an explanation
we assumed that for 1/PG gel the solid matrix can develop only to some extent. Above a
particular gelator concentration of 2 wt %, the gelator molecules are not forming a further gel
matrix but are interacting with PG aggregates leading to their disruption. Thus, the
microstructure of the gel matrix remains unchanged but the size of the solvent aggregates
decreases.

15
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In order to extract the relaxometry data connected to the solvent-pore surface interaction from
the measured effective spin-lattice relaxation times of confined EG and PG shown in Fig. 2a

and Fig. 2b, the full analysis of the relaxometry data for bulk solvent is necessary.

4.2.1 Proton spin-lattice relaxation of bulk solvents

The influence of translational diffusion on the spin-lattice relaxation time can usually be
neglected for low-molecular mass liquids like EG or PG because in the whole frequency
range the relaxation is dominated by the intramolecular interaction. However, it is known that
these solvents formed in bulk the aggregates of different sizes and shapes through the network
of hydrogen bonds.*** Hence, it is reasonable to assume that they are characterized by a
strong motional anisotropy and consequently the intermolecular dipole-dipole interaction, in
addition to the intramolecular one, becomes an important contribution to the effective
relaxation time. Therefore, eqn (1) was used for the interpretation of NMRD profiles of bulk
EG and PG solvents with the rotational contribution described by a Cole-Davidson spectral
density function given by eqn (4) and the translational one derived from the FFHS model and
described by eqn (6). Results of the fit of eqn (1) to experimental data are presented as the
solid lines in Fig. 3a and Fig. 3b for EG and PG, respectively. These figures also included the
intramolecular (dashed lines) and intermolecular (doted lines) contributions to the overall
relaxation. The most important fitted parameters are the correlation times. The rotational
correlation times 7o are equal to 9.0 x 10'%s for EG and 1.5 x 10 s for PG. The parameter 3
is correspondingly equal to 0.94 and 0.90. These values are close to 1 but fits with Lorentzian
function were not satisfactory. The translational correlation time 7y 1S equal to 1.3 x 10® S,
and 3.7 x 10'8's, for EG and PG, respectively. With the relation 7yns = dz/Dlz, the fitted Zians
values, and self-diffusion coefficients D (D,=2D) measured by pulse gradient spin echo

method # (5.7x107"" m%/s for EG and 2.2 x10™"" m?/s for PG) we could estimate the parameter
16
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d, which is supposed to be equal to the dimension of the molecule. The obtained values are 70
and 13 A for EG and PG, respectively. The dimension of the EG molecule is about 3.5 A and
of the PG molecule about 4.5 A. Therefore, the obtained values of d reflect the average
dimensions of the aggregates formed by EG and PG molecules via hydrogen bonding

interaction and prove the aggregation nature of these solvents.

4.2.2 Proton spin-relaxation of solvents confined in gels

The proton relaxation rate of EG and PG solvents confined in the gels matrix formed by low
molecular mass gelator 1 (data presented in Fig. 2a and Fig. 2b) is induced by fast molecular
motions and by a slow dynamic process. Their time scales differ by several orders of
magnitude and can be treated independently. Therefore, we applied eqn (12) where Ry and
Rirmrp represent the contribution of fast motions and of the slow dynamic process,
respectively. As suggested by data given in Fig. 2, the relaxation rate originating from fast
motions can be identified with the relaxation rate measured in bulk solvents. With the aid of
the analysis of bulk solvents relaxometry data we can obtain the contribution to the measured
effective relaxation rate, Rjs, resulting from RMTD process. For this purpose, the
corresponding values of the bulk solvents Rjpyuk(®) (solid lines in Figs. 3) were subtracted
from the measured values Rt @) of the confined solvents shown in Figs. 2. The examples of
the obtained results are given in Fig. 4a and Fig. 4b for 1/EG and 1/PG gel, respectively. The
RrmTp contributions are presented as open symbols, the corresponding R by closed
symbols and the contribution from Ry, by the dashed lines. From Fig. 4a, it is seen that for
confined EG solvent at least two dispersion regions can be distinguished: at lowest
frequencies accessible a plateau is reached and in the intermediated frequency, where RMTD

mechanism is expected to dominate, the relaxation rate dispersion is described by power law.
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The crossover from the power law regime of the dispersion to the low-frequency plateau
indicates the condition @mrmTpmax = 1. Thus, for confined EG solvent the longest correlation
time rMTDmax related to the RMTD process is of the order of 107 s. In the case of confined
PG solvent only an intermediated dispersion region is observed. The low-frequency plateau is
not reached because it is shifted behind the lowest frequency measured. Therefore, we can
predict that the longest correlation time related to the RMTD process for confined PG is
longer than that observed for EG, i.e., TrMTDmax > 107 s.

The power law describing the RMTD dispersion, Rijrmtp ¢ @, is observed for both gels over
three decades of the frequency. In the 1/EG gel, for all studied gelator concentrations, the
Rirmtp 18 well characterized by the exponent p = 0.50 + 0.05. However, as seen in Fig. 4, for
3 wt% gel (also for 2.5, 3.5 and 4 wt%), additional slope of the Rjrmtp (» = 0.81) can be
distinguished in the intermediated frequency range. In order to visualize the changes in the
relaxation of confined EG due to gelator concentration, the obtained relaxation dispersion data
were transformed to a susceptibility representation according to the relation: y (@) =
a)RlRMTD(a)).45’46 Next, the susceptibility results for each of gelator concentrations were
combined (properly shifted along the frequency axis and replotted versus @7) in order to
construct a “master-like” curve, as shown in Fig. 5. The NMR susceptibility curves
corresponding to different gelator concentrations well coincide because their shape remains
unchanged with gelator concentration and is described by the exponent p = 0.5. Additional
contributions to the Rirm7p With slope different than 0.5 is seen well in the insert in Fig. 5. In
1/PG gel the situation is different and the R;rmtp changes its slope in a function of gelator
concentrations but for particular concentration is characterized only by one p value as shown
in Fig. 6. Therefore, the attempt to construct the “master-like” curve was unsatisfactory.

The intensity function describing the RMTD process contains the structural factor and

dynamics part as given by eqn (7). Consequently, spin-lattice relaxation caused by RMTD is
18
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the combined result of molecular dynamics and of the surface structure. The power law
dependence of the relaxation rate results from the assumption of normal surface diffusion
described by Gaussian propagator47 and it was found to occur for studied gels for all gelator
concentrations. Thus, for identical propagator for normal diffusion the different shape of R-
irmtp dispersion directly visualizes the different surface geometries. This suggests that the
geometrical features of the surfaces on which the RMTD process takes place in 1/EG and
1/PG gels are not the same irrespective of the fact that chemically the surfaces are the same,
composed by the same gelator 1. Therefore, a different orientational structure factor, Q(¢q), has
to appear dispite the fact that the same propagator is taken into consideration. For confined
EG the relaxation rate dispersions are well described by the power law with the exponent p =
0.5 suggesting the equipartition of the diffusion modes with different wave numbers, i.e., O(q)
= const. This factor is probably a complex function of the wave number for 1/PG gel because
the relaxation dispersion of confined PG is described by the power low with p # 0.5 and the p

parameter depends on the gelator concentrations.

The RMTD dispersion slope, as shown by Monte Carlo simulations*’, also depends on the
relative sizes of the width of the surface layer, dr, formed by the ordered molecules at the pore
surface and dimension of the pore, R, filled with bulk-like molecules. A thinner layer tends to
produce a flatter slope. Thus, interpreting our experimental results we can conclude that PG at
the pore surface formed a thinner layer as compared to the EG. With the assumption that the
width of the surface layer corresponds to the dimension of the aggregates, this conclusion
agrees with previously calculated dimensions of aggregates formed by PG and EG molecules,
which are correspondingly equal to 13 and 70 A. The Monte Carlo simulation® also showed
that if the width Jr is much smaller than R, then the differences in the slopes are minor. Such
a situation takes place in the 1/EG gel where one slope of the dispersion curve is observed for

all gelator concentrations. The appearance of an additional slope observed for this gel with
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concentration above 2.5 wt% is due to the changes of the gel matrix as shown in Fig. 1a (for 2
wt%) a nd Fig. 1b (4 wt%). For a gel with higher concentrations in addition to large cavities
like that occurring in 2 wt% gel also smaller one are seen in the matrix. The EG aggregates
are not disrupted when interacting with the pore surface.” Thus, it is reasonable to assume
that they form in the smaller pores, the surface layer of the same width as in the larger one.
However, in this case dr is no longer much smaller than R. Additionally also the shape of
smaller pores is different as compared to larger one and consequently a steeper slope of the
relaxation rate dispersion is observed. The change of the slope of the relaxation dispersion
observed in 1/PG gel is a consequence of solvent-pore surface interaction”” unlike than in
1/EG gel and much smaller pores than in 1/EG gel (Fig.1c). The surface matrix of 1/PG gel
develops only up to 2 wt% of gelator concentration. Further increase of gelator concentration
leads only to the disruption of PG aggregates.”? Consequently, the microstructure of the gel
matrix remains unchanged but the size of the solvent aggregates decreases. Therefore, the
relative sizes of the surface ordered and the bulk-like phase vary for all concentrations and

different slopes of the Rirmrp are observed.

Conclusion

The purpose of the present work was to study the proton spin-lattice relaxation mechanisms of
solvent in the gels, the surface induced order and its impact on the solvent dynamics. The
experimental relaxometry data clearly shows differences between the spin-lattice relaxation
dispersion of bulk and confined solvents. The bulk relaxation rates show the dispersion only
in the MHz frequency range whereas the relaxation dispersion of confined EG and PG
solvents in the gels of 1 show the pronounced dispersion in the kHz region. Therefore, we

concluded that the interaction of solvent molecules with the gel matrices introduce additional

20
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relaxation mechanism, RMTD, not found in the bulk solvents. Only this mechanism can
explained the long correlation time of the order of 10” s obtained for confined EG molecules
and even longer for PG molecules. To the best of our knowledge this is the first evidence of
RMTD relaxation mechanism in gels composed of LMOGs with organic solvents. The gels

are composed by polar solvents and interact with polar surface of gelator 1.
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List of Figures

Figure 1. Microscopic images of the microstructure of 1/EG gels: 2 wt% (a), 4 wt% (b), and
1/PG gel 4 wt% (c) taken with 100 pm resolution.

Figure 2. Frequency dependence of the proton spin-lattice relaxation time of (EG) ethylene
glycol (a), and (PG) 1,3-propanediol (b) in gels of 1 measured in a function of gelator
concentrations at 290 K. The corresponding data of bulk solvents are given as an open circles.
Figure 3. Frequency dependence of the proton spin-lattice relaxation time of bulk solvents:
EG (a) and PG (b). Solid lines are the best fits of eqn (1) to the experimental data with the
contribution of the intramolecular (dashed lines) and intermolecular (dotted lines)
interactions.

Figure 4. Decomposition of the effective relaxation rate, R, of confined EG (a) and PG (b)
(closed symbols) into the contribution of the fast process, Ripuk, (dashed lines) and slow
process, Rirmtp, (0pen symbols). The Rirmtp ¢ @ with the exponents given in the figures.
Figure 5. Susceptibility “master-like” curve for confined EG solvent. The experimental points
obtained for different gelator concentrations are well fitted with TirpmTp o ™ (solid line).
The insert shows an additional contributions to the Rirmrp With slopes different then 0.5
resulting from the changes of the gel matrix observed for higher gelator concentrations.

Figure 6. The dependence of the exponent p (Rirmtp < @?’) on the gelator concentration

observed in 1/PG gels.

25



Soft Matter Page 26 of 35

700 pm

Figure 1
170x42mm (300 x 300 DPI)



Page 27 of 35

Soft Matter

ll: EG v 4.0wt%
90 - Aa, Y . 35wt%
i 5 A 3.0wWt%
4‘4 - 4 25wt%
4 A * 2.0 wt%
‘_f\ 10_ *** < : 15Wt%‘:
'w ] A ¢ 1.0wt%
Z L 2P * v
d @ , 4" e 0.75wt%
o e L5, H > 0.5wt%
l . 1 | o bulk
5 | YL T
>, ® et < A !
>3 ; x $ § ?
| 2
O 00 O0C0CoO ’ t ‘ ‘ !
LER R | LA LSRR | LS A S s A | = LEALE | LR
107 107 10 10° 10’ 10°
v (MHz)
Figure 2a

82x62mm (300 x 300 DPI)



Soft Matter

14 5
PG v 4.0wt%
12 ‘ " 35wWt%
] . A 3.0wWt%
] X. % <« 25wt%
10 - Txyg x 2.0 wt%
] e3alt, 1.5 wt%
5 S o 1.0wWt%
] "> *idar > 0.5wi%
== S RE L § B o bulk
: A2943 T I
OOOOOOOOOOOOoo:)oo'of s 1 ¥
- OOOOVOOS L v
] M
6 o w
]
8
10° 10? 10™ 10° 10" 10°
v (MHz)
Figure 2b

288x201mm (300 x 300 DPI)

Page 28 of 35



Page 29 of 35

Soft Matter

104

EG (bulk)
01 T ™ T | T
10° 10 10™ 10° 10’ 10°
v (MHz)
Figure 3a

82x62mm (300 x 300 DPI)



Soft Matter Page 30 of 35

PG (bulk)
01 LB AL LR AR | LR D B | LA A | LB S E S SR ] " LA LA A
10° 10 10™ 10° 10’ 10°
v (MHz)
Figure 3b

82x62mm (300 x 300 DPI)



Page 31 of 35

0.1

Soft Matter

3.0 wt%

(s]
A A,
AAAN A

v)
: 1.0th>"

EG

v (MHz)

Figure 4a
82x62mm (300 x 300 DPI)

16> 10™ 10°



0.1

Soft Matter

3.0 wt%

PG

10° 107 10™ 10° 10’
v (MHz)
Figure 4b

82x63mm (300 x 300 DPI)

Page 32 of 35



Page 33 of 35 Soft Matter

107 5
A 0.75 wt% SR
o 1.0 wt% o rs
1064 * 15wt% "
1 0o 20wt% ~w
¢ 25wt%
‘\.‘A = 3.0wt%
K 5| 4 3.5 wi%
DC‘_ 10 = 4.0wt%
>
. O
10" 2 o
103 log(mr)
log(wr)
Figure 5

82x59mm (300 x 300 DPI)



0.50

Soft Matter

p parameter

o o o o
w w B ~
o (&) o (&)]
1 1 1 1

o

N

(6}
1

0.20

PG

0.0

0.5

1.0

AN R A L A LR B
15 20 25 3.0

concetration (wt%)

Figure 6
82x62mm (300 x 300 DPI)

Page 34 of 35



Page 35 of 35

Soft Matter

Surface induced interactions in physical gel described by

reorientations mediated by translational displacement (RMTD) model
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