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Surface Dynamics of Liquids in Nanopores
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2H NMR relaxation of a selectively deuterated polar molecule confined to a set of calibrat

nanoporous silica glasses is reported. These experiments, combined with the consideration of diff
time scales in the theory of surface relaxation, show how confinement effects can provide deta
information on the rotational dynamics of temporarily adsorbed liquid layers in presence of bipha
fast exchange. In particular, the results show the existence of an orientational order parameter w
the wetting monolayer. [S0031-9007(96)01130-1]

PACS numbers: 81.05.Rm, 68.45.–v, 76.60.Es
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What are the structure and dynamics of a liquid la
near a solid boundary surface? This question is of fun
mental importance for the study of liquids in porous med
liquid crystals, and membranes. This is all the more
portant as a liquid confined to a region that approac
molecular dimensions has dynamic and thermodyna
properties strongly changed relatively to the bulk. E
amples include anomalous [1] and lamellar diffusions [
enhancement of correlation times [3], shifts of melti
and freezing temperatures [4,5], orientational ordering,
molecular dynamics of liquid crystals confined in subm
cron cavities [6,7]. This question is also of technolo
cal significance for heterogeneous catalysis, memb
separation, lubrication, and oil recovery. So far, the
namics of such a wetting layer has not been fully
termined because of its small fraction and its chem
exchange with the rest of the liquid. A surface part
ordering and slower dynamics have been evidence
confined liquid crystals where2H quadrupolar splitting
persists, even in the isotropic phase [7]. However, for s
ple liquids, such spectroscopic features cannot be obse
due to complete motional averaging, and therefore a
ferent approach must be developed.

In this Letter, we propose a new method to obtain inf
mation on the structure and rotational dynamics of sim
polar liquids at the surface of nanopores. Our metho
based on a clear separation of surfaces1yT1sd and bulk
s1yT1bd contributions of the overall2H nuclear relaxation
rate s1yT1d of a polar liquid confined to a set of cal
brated nanoporous silica glasses. The temperature de
dences ofs1yT1sd and the selective deuterium labelin
have allowed us to isolate and quantify, for the first tim
anisotropic activated and nonactivated molecular moti
at the pore surface. This is a new result different fr
the isotropic and activated molecular motions observe
bulk. An original model of anisotropic rotational dynami
of polar molecules linked by hydrogen bonds on the p
surface has been proposed. It is based on fast and
(activated and nonactivated) rotational motions. These
ferent time scales in the theory of surface relaxation allo
us to estimate the orientational order parameter as we
0031-9007y96y77(11)y2312(4)$10.00
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the complete rotational dynamics at the liquid-solid int
face even in the presence of a biphasic fast exchange
the bulk liquid.

When the liquid interacts strongly with the surface,
for a polar liquid in contact with a solid surface, the
are two distinct phases: a surface-affected liquid ph
of thickness ´ and a bulk liquid phase. Our earlie
NMR studies [8] proved the applicability of the biphas
fast exchange model [9] for the analysis of the obser
exponential relaxations1yT1d for polar liquid in cylindrical
pores of radiusR

1
T1

­
1

T b
1

1
2´

R

µ
1

T s
1

2
1

T b
1

∂
. (1)

The calibrated porous samples are silica glas
prepared as previously described [8]. EPR measurem
have revealed no paramagnetic impurities which wo
have made the relaxation analysis quite difficult. T
surface of these porous glasses exhibits approxima
two to three Si-O-H groups per nm2. The samples were
filled with pyridine using a bulb-to-bulb method [8]. Th
experiment and surface dynamics analysis we desc
here are general and not limited to pyridine, but this liq
offers several advantages which make it a good mo
case. First, being strongly polar, it ensures to be in
wetting limit; second, its molecular rigidity prevents i
ternal motions to contribute to the nuclear relaxation; la
it allows selective labeling. For the spin probe, we ch
deuterium (2H) because its relaxation proceeds throu
molecular reorientations. In the extreme narrowing lim
the relaxation rate1yT1 is simply proportional to the
reorientational correlation time [10]. Selectively deute
ted pyridines were prepared from correspond
bromopyridines following literature procedures [11
Deuterium relaxation timesT1 was measured by th
inversion-recovery technique at a Larmor frequency
27.6 MHz on a home-built spectrometer. In Eq. (1),´

corresponds to the hard sphere diameter of the pyri
molecule (0.5 nm [12]). The dynamical properties ha
been studied for temperature varying from29 to 37±C.
© 1996 The American Physical Society



VOLUME 77, NUMBER 11 P H Y S I C A L R E V I E W L E T T E R S 9 SEPTEMBER1996

e
n
h

io

o
a
u

e

y

o
n
i

e
n

h
e

the

ers
on
ns.
e

e-
the
m.

ry

nal
ose

ar

l
e

w

en
ole

ica
iven
pes
us
The benefit of selective labeling clearly appears
Fig. 1, which presents the pore radius dependences
the 2H relaxation rates at different temperatures, for bo
ortho or para deuterium substitution. The net differenc
between these two rates is the experimental evide
of the anisotropy of the molecular reorientations. T
linear dependence of1yT1 with 1yR is clearly verified.
This validates Eq. (1) to calculate the surface relaxat
rates1yTs

1 .
The temperature dependences of1yTs

1 for both deu-
terium substitutions are displayed at the top of Fig. 2. F
the sake of comparison, the bulk relaxation rates1yTb

1
have also been plotted. Inspection of Fig. 2 leads
the following conclusions. First, the surface relaxati
rates are more than one decade larger than the bulk r
providing evidence of a much slower dynamics at s
face. Second, the ratio betweenortho and para substi-
tuted pyridine relaxation times is very different betwe
both cases. It reveals a near isotropy in the bulk dyna
ics as well as large temperature dependent anisotrop
surface. Moreover, the apparent activation energy as
ciated with1yTs

1 sparad, estimated at2.1 kJ mol21, is of
the order of the thermal energy, thus ruling out any ac
vated reorientational process. This is specifically imp
tant as it shows unambiguously that the chemical excha
between the surface layer and the bulk is not respons
for the surface relaxation.T s

1 is then only sensitive to the
dynamics within the wetting layer. This temperature d
pendence cannot be explained by the usual theory of

FIG. 1. The 2H spin-lattice relaxation rates1yT1 of liquid
pyridine selectively deuterated inortho and para as function
of pore radius s1yRd in porous sol-gel silica glasses wit
R [ h`sbulkd, 9.5, 5.6, 4.1, 3.1, and 2.4 nm} at temperatur
29, 25, 0, 5, 10, 15, 20, 25, 30, and 37±C downwards. The
different lines correspond to the best fits obtained according
Eq. (1) with´ ­ 0.5 nm.
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clear relaxation, which links1yT1 and the diffusion coeffi-
cients and does not take into account any restriction in
motion [13].

We now propose a theoretical model which consid
the effects of the proximity of the pore solid surface
the local anisotropic reorientational molecular motio
This will allow one to account quantitatively for th
experimental results shown in Fig. 2.

The liquid-surface interactions of the pyridine mol
cules proceed through hydrogen bonding between
SiOH groups on the surface and the nitrogen ato
This allows for the definition of the molecular symmet
axis sC2d, going from the nitrogen atom to thepara
carbon. Relative to the OH axis, the molecular rotatio
dynamics is described by a dynamical tensor wh
three principal values of diffusion coefficients areDs

k,
corresponding to rotations around theC2 axis of the
molecule, andDs

'1 andDs
'2, related to swinging motions

of this C2 axis, respectively, in and out of the molecul
plane. The OH dipole is an instantaneous directornstd,
making an anglez , 70± relative to the local norma
directorn0 defined by the Si-O bond of the silicon oxid
surface. This directornstd can freely rotate aroundn0, but
due to the large momentum of inertia this motion is slo
as compared to the rotation ofC2 aroundnstd and will
further be referred as the “slow motion.” The hydrog
bond is characterized by an electrostatic dipole-dip
interaction U, which depends only on the anglebstd
betweennstd and the molecular dipole lying alongC2.

FIG. 2. Semilogarithmic plot of the surface2H spin-lattice
relaxation rates1yTs

1 sorthod and1yTs
1 sparad of liquid pyridine

d1 as function of inverse of temperature in porous sol-gel sil
glasses (top). The corresponding bulk rates are also g
(bottom). The experimental points are obtained from the slo
and intercepts of Fig. 1 according to Eq. (1). The continuo
lines are the best fits obtained with Eqs. (3) and (4).
2313
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Then U ­ 2EH cosb, whereEH is the bonding energy
in alignment of the two dipoles. The angular distributi
of the ensemble of surface molecules is described b
Boltzmann distributionPeqsbd ~ expfEH cosbyRT g at a
given temperatureT.

As known, the deuterium nuclear spin relaxes throu
the fluctuations of the quadrupolar HamiltonianHQstd
due to molecular reorientation [10]. As the dynam
within the adsorbed layer is restricted,HQstd tends to a
nonzero time-averaged valuekHQstdl at long times [14].
For instance, the fasts fd rotational diffusion of theC2

axis aroundn leads tokHQstdlf on time scales of the orde
of 1yDs

k, 1yDs
'1, or 1yDs

'2. Similarly, the slow motion
of nstd aroundn0 leads tokHQls ; kkkkHQstdlfllls on time
scale longer than the various1yDs. In the calculation
u
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of 1yTs
1 , the squared modulus of the fluctuating part

HQstd must then be reduced fromkjHQstdj2l to either
kjHQstdj2lf 2 jkHQstdlf j2 or kkkjkHQstdlf j2llls 2 jkHQlsj

2

for fast and slow motions, respectively. Because
the axial symmetry about then and C2 axes, only a
single Euler anglebstd is needed in the calculation o
kHQstdlf . Of course, we average orientationally ov
the angle betweenn0 and the constant magnetic fiel
B0. Assuming no correlation between fast and slo
fluctuations,1yTs

1 is the superposition of the fast an
slow relaxation rates:k1yTs

1 lf 1 k1yTs
1 ls. Calculations

similar to those encountered in liquid crystals [14] a
macromolecules [15] lead to the following expressio
for k1yTs

1 lf and k1yTs
1 ls, valid for both ortho and para

substitutions:
*
1

Ts
1

+
f

­
3
8

"
e2qQ

h̄

#2" fs3 cos2u 2 1d2y4g f1 2 kf3 cos2bstd 2 1gy2l2
f g

6Ds
'

1
3 sin2u cos2u

5Ds
' 1 Ds

k

1

3
4 sin4u

2Ds
' 1 4Ds

k

#
, (2a)

ø
1

Ts
1

¿
s

­
3
8

∑
e2qQ

h̄

∏2 fs3 cos2u 2 1d2y4g kf3 cos2bstd 2 1gy2l2
f f1 2 ks3 cos2z 2 1dy2l2
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6Ds
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. (2b)
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Here e2qQyh̄ is 2p times the nuclear quadrupole co
pling constant, which is 178 kHz for2H in pyridine (as-
suming the same value forortho andpara positions). u

is the angle betweenC2 and theefgsymmetry axis (along
the C-2H bond). Ds

slow represents the isotropic diffusio
coefficient for the slow motion of the SiOH aroundn0.
In Eq. (2a) we have assumed thatDs

'1 and D2
'2 were

much smaller thanDs
k, thus producing axial degene

acy in the dynamical tensor and leavingDs
k and Ds

' for
principal values. This hypothesis will be justified late
when we show that only this assumption can account
the experimental values ofT s

1 and their respective ratio
T s

1 sorthodyTs
1 sparad.

In Eqs. (2),kf3 cos2bstd 2 1gy2lf is the residual time-
averaged orientational term calculated over the fast m
tion. It represents an order parameterSf with values
between2

1
2 and 1 and only depends onx ­ EHyRT .

It can be calculated overPeqsbd with 0 # b # py2, as

Sf sxd ­ fexs2x2 2 6x 1 6d 1 x2 2 6gy2x2sex 2 1d .

(3)
This order parameterSf is higher as the ordering energ
EH gets higher. Similarly, Eq. (2b) exhibits an ord
parameter for the slow motion:Ss ­ ks3 cos2 z 2 1dy2ls.
Its value is imposed by the angle of the (Si-O-H) bo
sz , 70±d and gives a negligible contributionS2

s , 0.1 to
Eq. (2b).

Equations (2) and (4) give the relaxation rates inor-
tho andpara substituted (u ­ 0 andu ­ 2py3). These
equations clearly show the importance of selective deu
ation for characterization of the complex motions of t
adsorbed molecules. On one hand, the surface relaxa
rate of pyridine-d-para is sensitive to the rotation ofC2
-

,
or

o-

r

d

r-
e
ion

aroundnstd as well as to the slow wobbling aroundn0
(throughDs

' andDs
slow ). On the other hand, a linear com

bination of pyridineortho andpara deuterium relaxation
rates is only dependent on the fast axial and swinging
tations (Ds

k andDs
'):

1
T s

1 sparad
­

3
8

∑
e2qQ

h̄

∏2µ1 2 S2
f

6Ds
'

1
S2

f

6Ds
slow

∂
,(4a)

1
T s

1 sorthod
­

1
64Ts

1 sparad
1

27
128

∑
e2qQ

h̄

∏2

3

∑
1

5Ds
' 1 Ds

k

1
3y4

2Ds
' 1 4Ds

k

∏
.(4b)

At that point, one has to remember thatDs
' quanti-

fies the restricted diffusion inside a potential well defin
by the hydrogen bond energy andDs

slow is related to free
diffusion. The numerical simulations we have perform
show that the characteristic time (1yD) of such diffusions
varies very little with the temperature and can be co
sidered as constant over the explored temperature ra
Hence the thermal variation ofTs

1 sparad is driven by the
orientational order parameterSf , which decreases whe
the temperature raises, according to Eq. (3).

The experimental increase ofTs
1 sparad with tempera-

ture then proves that the overall molecular motion arou
n0 determines this relaxation rate, thus confirming t
assumption thatDs

slow is lower than Ds
'. Similarly,

the experimental Arrhenius behavior of the combinat
f1yTs

1 sorthod-1y64Ts
1 sparadg indicates that the activate

rotation around the molecular symmetry axisC2 drives
the left term of Eq. (4b). This shows thatDs

k is much
larger thanDs

'.
In view of these observations, the experimen

T s
1 sparad gives the diffusion coefficientDs

slow as well as
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the hydroxyl-pyridine hydrogen bond energyEH which
determines the amplitude ofSf . Similarly, Ts

1 sorthod
gives the value ofDs

k together with the activation energ
Es

k of the rotation aroundC2. Fig. 2 shows the quality
of the fits which give a hydrogen bond energyEH of
15.06 kJ mol21 andDs

slow ­ 2 108 rad2 s21. Let us point
out that this value ofEH is in agreement with the valu
for usual hydrogen bonds. As it isEH which restricts
the wobbling ofC2 aroundnstd, it determines the orde
parameterSf , which ranges from 0.55 to 0.64 [Eq. (3)
This Sf implies thatC2 wobbles in a cone whose sem
apperture varies from2py9 at low temperature topy4
at 37±C.

The rotation aroundC2 is characterized by an activatio
energyEs

k of 14.64 kJ mol21 andDs
k ranges from 4.109 to

16.109 rad2 s21. Last,Ds
' can only be defined within a

interval [5.108, 9.108 rad2 s21]. It is interesting to com-
pare these values with the bulk values which can be
tained from Eqs. (4) withSf ­ 0 (unrestricted motions
and with activated diffusion forDb

k and Db
'. This gives

Db
k ranging from5 3 1010 to 12.5 3 1010 rad2 s21 and

Db
' from 4 3 1010 to 12 3 1010 rad2 s21, with their re-

spective activation energies being 7.1 and10.9 kJ mol21.
The values found for the surface dynamics illustrate
slowing down of the dynamics caused by solid-liquid
teractions and how the activation energies increase
the steric hindrance due to adsorbed neighbor molecu
This trend agrees with our observations for other po
molecules in confinement. The seemingly paradoxical
havior of activation energy found in previous study on
tally deuterated polar molecules [8] was then only due
an overall mixing of all the deuterium relaxation times.

In conclusion, this experiment shows how confinem
effects can provide detailed information on the dynam
of temporarily adsorbed layers. Even when the t
populations (adsorbed and bulk) are in fast excha
and prevent spectroscopic resolution, confinement all
one to study the surface layer dynamical paramet
Thanks to selective labeling, NMR relaxation allows o
to determine the anisotropy of the motions at surface.

In the case of pyridine on a wetting surface, we ha
shown how rotation around the molecular axis is hinde
b-

e
-
ith
es.
ar
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d

by neighboring molecules and that this molecular a
explores a narrow cone which opens slightly as t
temperature increases. This molecular ensemble is
in slow rotational motion around the local normal
the surface. The various diffusion coefficients ha
been determined. The proposed method could be ea
generalized to other polar molecules.
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