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

PACS numbers: 81.05.Rm, 68.45.—v, 76.60.Es

What are the structure and dynamics of a liquid layerthe complete rotational dynamics at the liquid-solid inter-
near a solid boundary surface? This question is of fundaface even in the presence of a biphasic fast exchange with
mental importance for the study of liquids in porous mediathe bulk liquid.
liquid crystals, and membranes. This is all the more im- When the liquid interacts strongly with the surface, as
portant as a liquid confined to a region that approachefor a polar liquid in contact with a solid surface, there
molecular dimensions has dynamic and thermodynamiare two distinct phases: a surface-affected liquid phase
properties strongly changed relatively to the bulk. Ex-of thicknesse and a bulk liquid phase. Our earlier
amples include anomalous [1] and lamellar diffusions [2],NMR studies [8] proved the applicability of the biphasic
enhancement of correlation times [3], shifts of meltingfast exchange model [9] for the analysis of the observed
and freezing temperatures [4,5], orientational ordering, andxponential relaxatiofl /T) for polar liquid in cylindrical
molecular dynamics of liquid crystals confined in submi-pores of radiufR
cron cavities [6,7]. This question is also of technologi-
cal significance for heterogeneous catalysis, membrane 1 Lb + 2_8<iY - i})) 1)
separation, lubrication, and oil recovery. So far, the dy- I 17  R\TT Ty
namics of such a wetting layer has not been fully de-
termined because of its small fraction and its chemical The calibrated porous samples are silica glasses,
exchange with the rest of the liquid. A surface partialprepared as previously described [8]. EPR measurements
ordering and slower dynamics have been evidenced ihave revealed no paramagnetic impurities which would
confined liquid crystals wheréH quadrupolar splitting have made the relaxation analysis quite difficult. The
persists, even in the isotropic phase [7]. However, for simsurface of these porous glasses exhibits approximately
ple liquids, such spectroscopic features cannot be observeédo to three Si-O-H groups per rfin The samples were
due to complete motional averaging, and therefore a diffilled with pyridine using a bulb-to-bulb method [8]. The
ferent approach must be developed. experiment and surface dynamics analysis we describe

In this Letter, we propose a new method to obtain infor-here are general and not limited to pyridine, but this liquid
mation on the structure and rotational dynamics of simpleffers several advantages which make it a good model
polar liquids at the surface of nanopores. Our method isase. First, being strongly polar, it ensures to be in the
based on a clear separation of surfdtér,) and bulk  wetting limit; second, its molecular rigidity prevents in-
(1/T1,) contributions of the overafH nuclear relaxation ternal motions to contribute to the nuclear relaxation; last,
rate (1/T,) of a polar liquid confined to a set of cali- it allows selective labeling. For the spin probe, we chose
brated nanoporous silica glasses. The temperature depetreuterium ¢H) because its relaxation proceeds through
dences of(1/T};) and the selective deuterium labeling molecular reorientations. In the extreme narrowing limit,
have allowed us to isolate and quantify, for the first time the relaxation ratel /T, is simply proportional to the
anisotropic activated and nonactivated molecular motionseorientational correlation time [10]. Selectively deutera-
at the pore surface. This is a new result different fromted pyridines were prepared from corresponding
the isotropic and activated molecular motions observed ilbromopyridines following literature procedures [11].
bulk. An original model of anisotropic rotational dynamics Deuterium relaxation times; was measured by the
of polar molecules linked by hydrogen bonds on the porénversion-recovery technique at a Larmor frequency of
surface has been proposed. It is based on fast and sla27.6 MHz on a home-built spectrometer. In Eq. (%),
(activated and nonactivated) rotational motions. These difeorresponds to the hard sphere diameter of the pyridine
ferent time scales in the theory of surface relaxation allowsnolecule (0.5 nm [12]). The dynamical properties have
us to estimate the orientational order parameter as well aseen studied for temperature varying fron9 to 37°C.
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The benefit of selective labeling clearly appears inclear relaxation, which link$/T, and the diffusion coeffi-
Fig. 1, which presents the pore radius dependences aients and does not take into account any restriction in the
the 2H relaxation rates at different temperatures, for bothmotion [13].
ortho or para deuterium substitution. The net difference  We now propose a theoretical model which considers
between these two rates is the experimental evidendhe effects of the proximity of the pore solid surface on
of the anisotropy of the molecular reorientations. Thethe local anisotropic reorientational molecular motions.
linear dependence of/T; with 1/R is clearly verified. This will allow one to account quantitatively for the
This validates Eq. (1) to calculate the surface relaxatiorexperimental results shown in Fig. 2.
ratesl/Tj. The liquid-surface interactions of the pyridine mole-

The temperature dependences 1¢ff; for both deu- cules proceed through hydrogen bonding between the
terium substitutions are displayed at the top of Fig. 2. FoSiOH groups on the surface and the nitrogen atom.
the sake of comparison, the bulk relaxation rat¢g;  This allows for the definition of the molecular symmetry
have also been plotted. Inspection of Fig. 2 leads t@xis (C;), going from the nitrogen atom to thpara
the following conclusions. First, the surface relaxationcarbon. Relative to the OH axis, the molecular rotational
rates are more than one decade larger than the bulk ratedynamics is described by a dynamical tensor whose
providing evidence of a much slower dynamics at surthree principal values of diffusion coefficients ary,
face. Second, the ratio betweentho and para substi- corresponding to rotations around ti& axis of the
tuted pyridine relaxation times is very different betweenmolecule, and’ ; andD? », related to swinging motions
both cases. It reveals a near isotropy in the bulk dynamef this C, axis, respectively, in and out of the molecular
ics as well as large temperature dependent anisotropy ptane. The OH dipole is an instantaneous direat@,
surface. Moreover, the apparent activation energy asseonaking an angle/ ~ 70° relative to the local normal
ciated with1/7; (para), estimated a2.1 kImol!, is of  directorn, defined by the Si-O bond of the silicon oxide
the order of the thermal energy, thus ruling out any actisurface. This directai(z) can freely rotate arounal,, but
vated reorientational process. This is specifically impor-due to the large momentum of inertia this motion is slow
tant as it shows unambiguously that the chemical exchanges compared to the rotation &f, aroundn(z) and will
between the surface layer and the bulk is not responsiblirther be referred as the “slow motion.” The hydrogen
for the surface relaxationT; is then only sensitive to the bond is characterized by an electrostatic dipole-dipole
dynamics within the wetting layer. This temperature de-interaction U, which depends only on the anglé(z)
pendence cannot be explained by the usual theory of nisetweenn(z) and the molecular dipole lying alon@,.
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FIG. 1. The 2H spin-lattice relaxation rate$/T; of liquid FIG. 2. Semilogarithmic plot of the surfacéH spin-lattice
pyridine selectively deuterated iortho and para as function  relaxation rateg /77 (ortho) and1/T; ( para) of liquid pyridine

of pore radius(1/R) in porous sol-gel silica glasses with d; as function of inverse of temperature in porous sol-gel silica
R € {=(bulk), 9.5, 5.6, 4.1, 3.1, and 2.4 nm} at temperaturesglasses (top). The corresponding bulk rates are also given
-9, =5,0, 5, 10, 15, 20, 25, 30, and 3¢ downwards. The (bottom). The experimental points are obtained from the slopes
different lines correspond to the best fits obtained according tand intercepts of Fig. 1 according to Eqg. (1). The continuous
Eqg. (1) withe = 0.5 nm. lines are the best fits obtained with Egs. (3) and (4).
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ThenU = —Ey cosB, whereEy is the bonding energy of 1/T7, the squared modulus of the fluctuating part of
in alignment of the two dipoles. The angular distribution Hy(t) must then be reduced froiHy(¢)*) to either
of the ensemble of surface molecules is described by dHy (1)), — (Ho(t))s1> or {KHo(0))*)s — IKHg)s|?
Boltzmann distributiorP.q(B) = exdEy cos8/RT]ata for fast and slow motions, respectively. Because of
given temperaturd. the axial symmetry about tha and C, axes, only a
As known, the deuterium nuclear spin relaxes througtsingle Euler angle3(r) is needed in the calculation of
the fluctuations of the quadrupolar Hamiltonidfy (1)  (Hp(r))r. Of course, we average orientationally over
due to molecular reorientation [10]. As the dynamicsthe angle betweem, and the constant magnetic field
within the adsorbed layer is restricteHy(7) tends to a By. Assuming no correlation between fast and slow
nonzero time-averaged vald#, (7)) at long times [14]. fluctuations, 1/7T} is the superposition of the fast and
For instance, the fagtf) rotational diffusion of theC,  slow relaxation rates{1/Ty); + (1/T7),. Calculations
axis arounch leads to(H (1)) on time scales of the order similar to those encountered in liquid crystals [14] and
of 1/Dy, 1/D,, or 1/D",. Similarly, the slow motion macromolecules [15] lead to the following expressions
of n(¢) aroundn, leads to(Hp); = ((Ho(#))s)s on time  for (1/T}); and(1/T7),, valid for both ortho and para
scale longer than the variousyD*. In the calculation| substitutions:

1\ 3|éq0 [ [(Bcogo — 12/41[1 — ([3co8 (1) — 11/2)}] | 3simfcosy 2 sintg (28)
T/, 8 h 6D’ 5DY + D} 2D} + 4D} |’

<L> _3 [equT[G co$9 — 1)2/4]([3cos (1) — 11/2)7[1 — (Bcos¢ — 1)/2)2]
Tf ' B 8 h 6D§10W ’

(2b)

Here e?qQ/h is 27 times the nuclear quadrupole cou- aroundn(z) as well as to the slow wobbling aroung
pling constant, which is 178 kHz fofH in pyridine (as- (throughD‘ andDy,). On the other hand, a linear com-
suming the same value fartho and para positions). #  bination of pyridineortho and para deuterium relaxation

is the angle betwee@, and theefgsymmetry axis (along rates is only dependent on the fast axial and swinging ro-
the C2H bond). Dy, represents the isotropic diffusion tations O} andD?):

coefficient for the slow motion of the SiOH aroumd. 1 3 [e2q0 (1 — 3 s?
In Eq. (2a) we have assumed that,; and Diz were —— = —[ } ( . . ),(4a)
much smaller thanDj, thus producing axial degener- Ti(para) 81 h 6D 6Ds10w

2
acy in the dynamical tensor and leaviig and D} for 1 — 1 + 2_7[6261Q}
principal values. This hypothesis will be justified later,  Ti(ortho)  64Ti(para) = 1280 &
when we show that only this assumption can account for 1 3/4 o
. Ky H H 1 X .
thye expenm?ntal values df; and their respective ratio [SDj T D) 2D% + 4Dﬁ} (4b)
Ti(ortho)/Ti (para).

In Egs. (2),([3cogB(r) — 1]/2), is the residual time- f Al rfhat point, dog.?,_f ha.‘s o r%member thalti qﬁ%m]'c.' q
averaged orientational term calculated over the fast m les the restricted diffusion inside a potential well define
. . y the hydrogen bond energy afy,,, is related to free
tion. It represents an order parametgr with values diffusion. The numerical simulations we have perf d
1 : performe
between—; and 1 and only depends on= Eu/RT.  ghqy that the characteristic time/@) of such diffusions
It can be calculated oveteq (B) With 0 = B = 7/2,85  \aries very little with the temperature and can be con-
Sp(x) = [e*(2x* — 6x + 6) + x* — 6]/2x%(e* — 1). sidered as constant over the explored temperature range.
Hence the thermal variation @ ( para) is driven by the
(3)  orientational order parametey;, which decreases when
This order parametes, is higher as the ordering energy the temperature raises, according to Eq. (3).
Ey gets higher. Similarly, Eq. (2b) exhibits an order The experimental increase @ (para) with tempera-
parameter for the slow motios;, = ((3cos ¢ — 1)/2),.  ture then proves that the overall molecular motion around
Its value is imposed by the angle of the (Si-O-H) bondn, determines this relaxation rate, thus confirming the
(¢ ~ 70°) and gives a negligible contributicsf ~ 0.1to  assumption thatDy,, is lower than D}. Similarly,
Eq. (2b). the experimental Arrhenius behavior of the combination
Equations (2) and (4) give the relaxation ratesoin  [1/T;(ortho)-1/64T;( para)] indicates that the activated
tho and para substituted§ = 0 and@ = 277 /3). These rotation around the molecular symmetry afis drives
equations clearly show the importance of selective deutetthe left term of Eq. (4b). This shows that; is much
ation for characterization of the complex motions of thelarger thanD? .
adsorbed molecules. On one hand, the surface relaxationin view of these observations, the experimental
rate of pyridined-para is sensitive to the rotation of,  Tj(para) gives the diffusion coefficienby,,, as well as
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the hydroxyl-pyridine hydrogen bond enerd@y which by neighboring molecules and that this molecular axis
determines the amplitude of;. Similarly, T7(ortho)  explores a narrow cone which opens slightly as the
gives the value oD, together with the activation energy temperature increases. This molecular ensemble is also
E) of the rotation aroundC,. Fig. 2 shows the quality in slow rotational motion around the local normal to
of the fits which give a hydrogen bond enerdgy of the surface. The various diffusion coefficients have
15.06 kImol'! and D}, = 210% racls™!. Letus point been determined. The proposed method could be easily
out that this value ofy is in agreement with the value generalized to other polar molecules.

for usual hydrogen bonds. As it iBy which restricts This work was supported in part by the Air Force
the wobbling ofC, aroundn(r), it determines the order Office of Scientific Research under Grant No. F49620-
parameterS;, which ranges from 0.55 to 0.64 [Eq. (3)]. 93-1-0241 and by the National Science Foundation under
This S; implies thatC, wobbles in a cone whose semi- Grant No. NSF CHE 95-26237.

apperture varies fromw/9 at low temperature tar/4
at 37°C.
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