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Behavior of mesogenic molecules deposited at the alumina-air interface: A deuteron NMR study
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Thin molecular depositions of’4pentyl-4-cyonobiphenyl5CB) mesogenic molecules are investigated via
quadrupole-perturbed deuteron nuclear magnetic reson@®IR) spectroscopy. Uniform and controlled
thickness molecular surface depositions are prepared on the inner cylindrical surfaces of Anopore membranes
by the solvent-evaporation technique. As a result, 5CB molecules are found in two different configurations: a
bulklike one with parallel axial arrangement, and a surface one with planar radial arrangement. If the 5CB
surface coverage exceedts 0.35, only the bulk state is present. In the coverage range between 0.015 and 0.35,
the bulklike state and the surface layer coexist, conforming to a typical dewetting scenario. Be®015,
only the surface layer is present. The dilution of the surface deposition with decreasing coverage is manifested
as an increase in the DNMR doublet frequency splitting. The surface orientational order par@mtter
surface biaxialityn, and the diffusion coefficierd 5 are determined from the DNMR spectral patterns obtained
at different sample orientations in the external magnetic field. These angular patterns prove that in highly
diluted surface depositions the molecules lie flat on the surface. However, they are not frozen and their
molecular axes rapidly reorient on the DNMR measurement time scale, typically 40while remaining
confined to the surface. Simultaneously, molecules diffuse over the surface with a surface diffusion constant on
the order of 10'* m?s™ . Such molecular diffusion is responsible for an effective biaxiality on the DNMR
time scale. However, an inherent biaxiality cannot be completely ruled out and thus may play a minor role. The
surface phase has a two-dimensio(®dD) gas character with som@ossible indicators of 2D-liquid proper-
ties.
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[. INTRODUCTION eters as a function of thickness easily performed. Therefore,
it has been possible to study the superfluid transition in a
The study of lower-dimensionality systems has been gurely 2D film, to a film thick enough that finite size effects
fascinating topic of research for several decades. The reasoase important, eventually crossing over to the bulk system
for such interest are multiple. Simplistically, a film can be[1].
viewed as a two-dimensioné2D) analog of bulk. Films may Although there are many systems that can be studied in a
be described in terms of elementary excitations that mirror irffilm” form, thermotropic liquid crystals(LC) are of particu-
a lower dimension the excitations of the bulk system. How-lar interest due to their importance at the fundamental as well
ever, films are usually much more complex because of addias applied levels. The ordering of liquid crystal molecules at
tional variables that affect their properties as, for example, athe solid substrates is determined by a number of physical
a liquid-solid substrate or liquid-gas interfaces. and chemical parameters, resulting in a rich variety of mo-
Perhaps the primary example, and undoubtedly one of thkecular arrangements at the solid-liquid interface as well as in
oldest and more extensively investigated low-dimensionathe bulk liquid crystal phase above the interface. The behav-
systems, are superfluid helium films that are easily formedor of the mesogen on lowering the dimensionality from 3D
by adsorbing a known amount of helium onto any substrateto 2D, i.e., on decreasing the thickness of the mesogenic
Near the superfluid transition, helium films differ in a funda- layer gradually from a thick film with bulklike properties to
mental way from bulk helium in the sense that they belong ta thin film, multilayer film, monolayer film, and finally to a
a different universality class, the 2RY class[1]. As such, submonolayer effective thickness molecular surface deposi-
the film’s critical behavior is drastically different from that of tion is of particular interest, primarily in view of the stability
bulk helium. The heat capacity, which in 3D exhibits a nearlyof these structures. For thin '4$entyl-4-cyanobiphenyl
logarithmic singularity, is expected to be regular in 2D, (5CB) nematic films, spun cast onto silicon wafers, a
namely, it has an essential singularit¥]. The superfluid spinodal-type dewetting into stable thick films was recently
density that in 3D vanishes with a 2/3 power law, in 2D hasobserved5], and the driving mechanism explained in terms
a discontinuityT [3]. The thermal conductivity that exhibits of the pseudo-Casimir structural forf@]. The dewetted re-
a power-law divergence in 3D, is exponentially divergent ingions were experimentally shoW] to remain covered with
2D [4]. a molecular film of microscopic dimensions, with an effec-
An additional reason for studying helium films is that they tive thickness of 1-3 molecular lengths. Similarly, the coex-
are easily formed and their thickness easily controlled. Conistence of a monolayer effective surface coverage and a bulk-
sequently, by continuously adding a few moles of helium, dike nematic phase has been found for 5CB deposited on an
thicker film can be prepared and studies of physical paramalumina surfacg8]. There seems to exist some universal
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tendency for 5CB to exhibit monolayer-only wetting of solid using the Langmuir trough; here, the film is formed at a
substrates since in addition to silicon and alumina, this apsolid-air interface.
pears to be the case with glass and polyvinyl chloride sub- In most experimental investigations of surface ordering,
strates, as shown by some recent second-harmonic genethe order at the surface is not probed directly, rather, it is
tion (SHG experimentg9]. deduced from changes in the behavior of the bulk phase,
The question now open pertains to the physical nature oattributed to the influence of the surface. A standard ap-
such a stable molecular deposition at the solid substrate-agroach is to calculate the equilibrium director configuration
interface. Does one deal with adsorbed molecyH3, a  using the Landau-de Gennes free energy formalism for a
two-dimensional gas, or two-dimensional liquid? What is thebulk state with the inclusion of surface terrfis5,16 and
respective orientational configuration of molecules? The extaking into account plausible boundary conditions. These can
istence of a monolayer, 2D liquid phase of nematogenic molbe, however, complex and may require a detailed knowledge
ecules at an air-water interface was demonstrated with Langf the surface topology and molecular anchoring. Different
muir trough experimentf11] for a submonolayer effective Scenarios for molecular arrangement at the surface can lead
thickness film(or more accurately, a molecular surface depo-to indistin_guishable differences in the expe_rlmental response,
sition) with an average area per molecule of abat thus making the.rever.se process of resolvmg between differ-
=45 A2, twice the value in the bulk phada?]. A weak ent surfape conf|gurat|.ons fr_om a bulklike response, a some-
first-order phase transition from isotropic to polar orientation\"’ht‘;’lt ted_lolus and at tlmotlesllnaccurate tasl:]. In §p1|(’;e dOf that,
was also detectefll3] on increasing the surface pressure.,?;J t_stantlr? protgr(_asst_ma ?lnhrec_:enlt years ?S yie eh a quan-
The J=62° tilt of the 8CB polar group with respect to the rative characterization of phiysical parameters such as an-

. choring energy and surface orientational order parameter
interface normal calculated from SHG data, closely matchefl4’17’18, particularly, in view of the atomic-scale interface
the #=68° value obtained by only considering steric argu-

‘ . X . morphology of the surface that can be manipulated by rub-
ments that yield the optimal geometrical packing for 8CBing grating, or surface treatment with surfactants. Still, for
molecules at the flat interfadd.1]. Surprisingly, similar tilt  reasons given above, the direct detection of molecular order-
values are found by SHG experiments with nonsmectic 5CBng at a surface would be of great importance. It is of course
deposited on solid substratg3], again supporting the steric rather difficult, whenever bulk is present, to design an ex-
interactions-dominated interface ordering. periment where one would be exclusively probing the mol-
An estimate of the tilt in a monolayer 5CB deposition on ecules at the surface. In the case of optical experiments, it is
alumina can be made from deuteron nuclear magnetic resehe large birefringence of the bulk that makes it diffiddi@],
nance(DNMR) measurement§8]. Using the definition of whereas the molecular diffusion between bulk and surface is
the orientational order paramet®r=P,(cosd), one can as- the drawback in DNMR experiments, since it blends the
sume that all the molecules are tilted with respect to thé'surface” and the “bulk” contributions in the NMR re-
surface normal and precess on the surface of the cone arousdonsd 20]. The alternative approach is to look at ultrathin
the normal. One findsY=arcco§(1+2Q)/3]*? yielding mesogenic film with just a “surface” phase. There are two
9=~61° for Q= —0.14. This value of the orientational order problems that arise in this case. First, the surface-induced
is obtained whenever the surface deposition component carder in such a configuration may be considerably different
exists with a bulk phasE8]. Taking into account similar tilt  from the one found when bulk is present; this is due to finite
values, this situation closely resembles the coexistence of size effects and due to twpossibly even competindgpound-
monolayer liquid phase with a thicker film as found in Ref. ary conditions-imposing media: the solid substrate on one
[11]. The solvent evaporation techniql&] made it possible side and gagair) on the other side of the sandwiched thin
to prepare molecular films with effective thickness far belowLC film. Second, resolving the contributions of such a 2D
a monolayer size in a controllable way. In other words, thinstructure may not be feasible in a planar geometry. In par-
molecular depositions with well defined and variable areaicular, 13 molecules are typically needed to accumulate an
per molecule can be formed on a solid surface. Combiningbservable DNMR signal in one hour. With an average area
this fact with the distinctive DNMR ability of probing the A=45 A? per molecule in a diluted molecular 2D deposi-
molecular orientational order, the interplay between the partion [11], more than 0.5 hof substrate are required, an
ticle density and their orientational order in a 2D system caramount not easy to fit into a typical NMR probe head. The
be investigated. sensitivity problem can be solved by using porous solid hosts
A difficulty of the DNMR technique, namely, the need of [21], preferably ones with well-defined geometry such as
a minimum number of deuterated molecules, is overcome biNucleporg 22] or Anopore[14]. Thin-film depositions of LC
using porous hosts with high surface to volume ratios. Inmolecules on large diameter cylindrical noninterconnected
addition, if the topology of the surface is well defined, the pores do not suffer from elastic deformations introduced by
DNMR spectral patterns can easily be interpreted; Anoporgeometrical constraints since the curvature of the surface in
membranes[14] satisfy both criteria. By changing the the pores is small with respect to molecular dimensions; we
amount of nematogenic molecules deposited on the Anoporare effectively dealing with a quasiplanar geometry.
internal walls, thus covering a certain size area, one effec- In this paper we present a DNMR method to directly in-
tively alters the surface molecular density, equivalently, thevestigate the orientational behavior in ultrathin layers of me-
area per moleculé. This corresponds to changing the sur- sogenic molecules, formed on alumina surface. We show
face pressure of a molecular film at the liquid-air interfacehow these submonolayeteffective) thickness molecular
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depositions can be prepared on the inner walls of the porousolution and let the solvent evaporate. In this way one is left
host. Coverages with different average area per molegule with a deposition of LC molecules on the inner, cylindrical
can be formed in a reproducible manner and the moleculasurfaces of the solid host. In our experiments, methanol was
orientational ordering studied over a wide rangeAo$pan-  used as the solvent. The ar8g,,, of the outer, flat surface
ning from close packed monolayer structures resembling ligjoining the openings of the cylindrical channels, is related to
uidlike behavior in 2D, down to highly diluted depositions of the inner surface ared,ner Via Souter= Sinnef 0(1— Po)/Poho-
molecules lying flat on the substrate surface. By taking adUsing the above parameters one firf8g~=0.025 Spner-
vantage of a well-characterized nanoscopic geometry, we trny signal originating from the outer surface can, therefore,
to determine the properties of a thin molecular deposition, awe disregarded; the main contribution originates from the
approach opposite to that used in other NMR studies of thénner walls.
surface topology23]. The effective thickness of the molecular deposition de-
This paper offers an extension of the preliminary studypends on the concentration of 5CB in the solution. Let us
presented in Ref[8], with an in depth discussion of the assume that a constant thickness film is formed. The concen-
measurements method and its potential in probing physicatation needed to form a film with an effective thicknekg
parameters such as orientational order parameter and the sig-roughly given by
face diffusion constant in ultrathin films via DNMR. The
paper is organized in the following manner. Section Il de- { (ro—def)? ]1
scribes the materials used in the preparation of submonolayer c= o o
effective thickness molecular depositions. An overview of 21 et — deg
director configurations found when Anopore are completely ] )
filed with a LC is given in Sec. Ill. Knowledge of these With A= psca/pcn,on~1 denoting the ratio of the SCB and
structures is later used to propose possible orientational comrethanol mass densities, respectively. We have also assumed
figurations for ultrathin films. The DNMR experimental tech- an ideal mixing of the two componentthe volume is pre-
nique and its application to LC materials confined to a cylin-served on mixing ¢, the surface coverage parameter thus
drical geometry is discussed in Sec. IV. There, theoreticaélso represents the 5CB pore-filling factor. A monolayer sur-
spectral line shapes are calculated for the general case &fce deposition, presumably equivalent to one 5CB molecu-
biaxial orientational ordering of molecules on cylindrical lar length (=20 A) effective thickness, is, therefore,
surfaces. The impact of molecular diffusion along the solidformed from ac(d¢s=1)=c,=0.04 solution. For ultrathin
surface is treated in Sec. V. The resulting motionally aver{films, a more appropriate quantity thdgy for the character-
aged spectra are calculated and compared with the static onigaition of the surface coverage is the area per moledule
of Sec. IV. Experimental results are given in Sec. VI, to-which is related ta via
gether with a thorough discussion. Section VII presents our
conclusions.

()

1_0) 2M5CB ~084 AZ (2)

A=(1+7\ ~
C JroNapscs c

Il. MATERIALS

with N, the Avogadro number. At the air-water surface, a

Anc.)po.re, _commerg:iall_y available membranes_ normaIIySCB monolayer resembling 2D-liquid phase is found for
used in filtration applications, are made of chemically pure;e a2~ a~41 A2 [11], and one may expect a similar be-

alumina (.AEO3)' They have open, parallel cylindrical chan- havior at the alumina-air interface. Inserting these values
nels of diameted,=2ro=0.2 um that extend through the )0 vieldsc, ~0.018, or, a factor of 2 smaller thay .
entire h°:60. pwm thickness OOf the membrane.. _The esti- This discrepancy is understandable since in a monolayer the
mated porosityp, is about 40%, yielding a specific area molecules are effectively tilted away from the surface nor-
= Siner/ V=2Po/ro 0f 8000 mnf/mm® of Anopore mate- o Consequently, the effective layer thickness is smaller
rial - . . . than one molecular length, a fact that was ignored when
The liquid crystal material used in the study is thd, calculatingc; .
-deuterated nematogemc SCBm(.)I.ecuIar mass Mscg The liquid crystal-solvent solutions were prepared starting
=251 g/mol) with the phase transition sequence with 5CB (c=1) and adding methanol. In each step, one
Cr N | part of the solution was put aside to be used for the treatment
2057 K 3082 K of Anopore, whereas the rest was used for further dilution, so
that a set of 5CB solutions with decreasingvas prepared.
on heating. On cooling, the transition from the isotropic intoThe most diluted sample had,,;,=0.001. Belowc=c,
the nematic phase occurs at the same temperafijje, where, according to conclusions drawn in the preceding
=308.2 K, whereas the crystallization temperature is shiftegharagraph, the transitional phenomena from a 2D liquid into
down to about 273-277 K. On deuteration, neither chemica& 2D gas phase are to be expected, the concentration of so-
nor physical macroscopic properties of the material exhibiiution in each step was reduced in much smaller intervals in
any notable changes. order to cover the,;>c>c,,, range more densely.
Anopore were ftreated with 5CB by the solvent- The collection of solutions was subsequently used to pre-
evaporation technique. The basic idea is to dissolve the L@are a set of 5CB-treated Anopore with different area per
material in a solvent, soak the Anopore membranes in thenolecule coverages, up #,,,=830 A2 for ¢, [Eq. (2)].
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Anopore were cut to 4 mm25 mm strips, each having a a) c)
volume ofVo=6 mn?. Typically 20 of them were used for = Z(t)
the preparation of a sample from one solution, providing for < ¢

a total of Spne=20 oVo=1 n? available surface. This
coverage corresponds Min=2Snner/ Amax=2.5X 10t deu-
teron nuclei for the sample with the lowest surface coverage,
an amount still detectable in DNMR experiments.

» =
[ll. 5CB ORIENTATIONAL ORDER IN ANOPORE \ ’\ \ﬁ;\/;z;(t)
A. Full Anopore Anchoring Anopore
In full Anopore, many different director configurations (C=N pivot) BUrges

can be found in the pematiq phase depending on the relative FIG. 1. A schematic picture of 5CB molecular dynamics: reori-
sftrength of surface |nteract|ons, ,‘alaSt'C forc.es, and extern%Intations about the long molecular aXisvith the correlation time
fields. In theBo,=9 T magnetic field, used in our DNMR - o) orientational fluctuations of with the correlation timer,
experiments, the magnetic coherence length is aboptn () and the surface diffusion, characterized witfDg* (). Z is
[14] and considerably exceeds the Anopore confinement siz@e |argest eigenvaluQ) eigenaxis of the orientational order pa-
of 0.2 um. External fields are, therefore, not expected torameter tensor ang the angular coordinate of the molecule. Deu-
alter the director configuration. Elastic forces are introducederation sites in the molecule are shown in dark color.

by geometrical constraints, i.e., the curvature of the surface.

In nontreated Anopore completely filled with 5CB, the direc- £, . is the time scale of the orientational fluctuaticinsm-
tor configuration is parallel axidll4]. Neglecting surface bling of the long axis whereasr,=L2/4Dg measures the
effects, the axial alignment is energetically most favorablg;me spent by a molecule while diffusing over a distatce
since such a spatially homogeneous structure demands iR, 5 surfaceDs is the surface diffusion constant for this

elastic energy. But as soon as surface energy terms becorgg,cess. In the bulk nematic phase of 5CB, the experimen-
important, it is sometimes necessary to increase the elast{gny determined values at room were 7r~10"° s, 7
energy in order to minimize the surface contribution. Thisis_{y-8 ¢ [25], and Ds~10"1* m?s™! [26]. The I;attér

the case with treated cavity walls where spatially inhomogeyieldS 75=10"" s for L=1, i.e., for displacements of the
neous structures such as planar polar are fqadfl Also, a  4rger of one molecular length. In what follows, we will as-
5CB molecule in a submonolayer effective thickness filmg, e that the rotational diffusion characterizedyis al-
sees the_ surfa_ce .Of an=100 nm cyllnde_r_ as fl_at. Conse- ways fast compared to the other two processes, +g.,
quently, in athln?ﬁlm LC.moI_e(.:uIar deposition Wlth spat|allly <r,,7, and consequently, that each molecule can be re-
homogeneous d!rector fle_ld it is then the surface interactiong, -qed as a solid, cylindrically symmetric rod, pinned to the
and the geometrical packing of molecules that determines th rface with its E=N end. The two processes of our interest

molecular order. are, therefore, the orientational fluctuations and the transla-
_ ) tional diffusion over the surface, respectively. At this point,
B. Partially filled Anopore we will concentrate only on the former.

Let us now inspect possible molecular configurations in a Let us choose a local coordinate systeya with its z axis
2D film. We shall assume that cavity walls are smooth, withnormal to the surface any axis lying on the surface and
no grooves or scratches on the order of the 5CB moleculgpointing along the cylindrical cavity symmetry axi&ig.
size. At the very surface, the inversion symmetry of the bulk2(c)]. ¢ and & are the phase and azimuth angles, respec-
nematic phase is lost, since it is the hydrophilic polar cyariively, describing the instantaneous orientati) of the
head group that attaches to the surfgtH. In an ideal case long molecular axis in theyz frame. The static properties of
one can expect that at extremely low coverages, equivalentlyhe local orientational order are described by the orienta-
high A, where the molecules do not feel each other, their longional probability distribution function
axes lie flat on the surfad@4]. At zeroT they are adsorbed,
frozen to the surface, and point in different directions with
no long range orientational order, a situation typical for a
frozen-in 2D molecular gas. On increasing dynamic
modes begin to appear: reorientations about the long axis +Cjmcosme) Py (cosd). (€)
(including internal molecular conformationgFig. 1(a)],
tumbling about the “@=N pivot” (the point at which the P,(cosd®) and P,(cos®d) are the Legendre and associated
C=N group is attached to the solid surfa¢€ig. 1(b)] and Legendre polynomials, respectively. The expansion coeffi-
diffusionlike translational motion of the molecule, or equiva- cients{a, ,s;, ,C;m} Uniquely determin&V(cosd,¢). In bulk
lently, of the G=N pivot, along the surfacfFig. 1(c)]. We  systems, there is no polar ordering, i.e., there are nolodd
shall denote the corresponding correlation times@s7,, terms due to inversion symmetrW(cosd,¢)=W(cos(r
and 7p, respectively. Explicitly, 7r measures the time —49),¢+m). The latter is broken at surfaces which induce
needed for a 2 reorientation about the long molecular axis polar ordering 27] as it is the case here.

o o |

W(cosﬂ,qo)=2 a,P|(cost) + 2 (SmSinme
=0 1=0m=1
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FIG. 2. Coordinate frames used in the description of molecular orientational ordering. The “crystal”tghzé, fixed to the Anopore
strip is shown in@), and its transformation into the local framgz in (b). The orientation of the local frame with respect to the orientational
order parameter eigensystetivZ is presented iric). The Euler rotatiorR,y, .xyAVo,0¢,Po) of xyz into XYZ is constructed from three
consecutive rotationsb rotation abouix, ®, rotation aboutz, andW¥ rotation abouix.

IV. DEUTERON QUADRUPOLE-PERTURBED NMR shift to the molecular orientational order, let us writend
A. DNMR and the surface orientational order parameter tensor ~ P=Ba/Bo in the local framexyz coordinates,

The quadrupole-perturbed NMR spectrum of ardeu-
teron in a frozen-in 5CB molecule consists of two resonance
lines (denoted by thet sign) that are shifted in frequency

{=(1x. ¢y &) =(sind cose,sind sing,cosd), (6

b=(by,by,b,)=(sind,cosey,sindysingy,,cosdy).
. .3 , (6b)
6V*=iZVqP2(COSy ) (4)
One can then recast E(p), averaged over orientational fluc-

from the deuteron Larmor frequenay . v, is the quadru- tuations of¢, into
pole coupling constant, which is proportional to the largest

eigenvalueV,, of the cylindrically symmetrid 28] electric — )

field gradient(EFG) tensor at the deuteron site. The axis of vV=-3g Vq[3<(§' b)“)—1]
symmetry points along the directighof the C-D bond. It is

v’ that measures the angle betwegand the external mag- B l _
netic fieldB,. In 5CB mesophases, reorientationséadbout - ig Yq 3% babp(falp)— 1],

the long molecular axis are unbiased and fast on the

DNMR time scalerpyyr=~ v '~5X10°° s. This has two (7)
consequences: first, the twe deuterons become indistin- . —

guishable in the DNMR spectrum, and second, their respedVith @,8=X,y,z andv™=(6v)". Here(- - -) stands for the

tive EFG tensors average out into a cylindrically symmetricaverage oveW(cosd,¢). ({.{s) are the components of the
one with symmetry axis pointing alond, with V sec_ond rank tensor. Thgs_e can be expressed as linear combi-
=V,;P,(cosp). Here B is the constant angle betwegrand nations of the =2 coefficients ofW(cosd,¢) [Eq. (3)], so

£ In an ideal tetrahedronlike configuration of the C-D bonds that »= only depends on thé=2 terms of the molecular
the one we shall assume in what follows, one has orientational distribution. Hence the polar order, described

= arccos(-1/3)=109.5° andV,,=—V,/3. Then, taki_ng formally with the =1 coefficients, cannot be probed by

into account the proportionalitieg,e Ve, and vgxV,,, v, DNMR line-shape measurement.

. 2 _ . . g . .
= v4P,(cosB) =13 is satisfied and the averaged frequency_ SinceX {5 =1 is always sat|sf|_ed, the redefined quanti-
shift is ties Q,5=(3({.{p) — Sap)/2 constitute a traceless second

rank tensoiQ, equivalent to the classical orientational order

parameter of a bulk LC phad&0]. Its largest eigenvalue
vqP2(cosy), (5) Q=Q,, corresponds to the nematic order parameter,

whereas 7= (Qxx— Qvv)/Qzz, the biaxiality parameter,

measures the deviation from uniaxial symmetry aroundZthe
wherey= 2 ({,B,) denotes the angle between the effectivelyeigenaxis. In its eigensisteXiYZ, Q is completely specified
rodlike molecule and the magnetic field. The ratio of e_xperi—by Q and 7 sinceQyx+ Qyy+Q,,=0. v* is a scalar quan-
mentally determined values,~180 kHz [28] and vq tity, i.e., its value must not depend on the coordinate frame
~60 kHz[29] amounts t07q/vq~1/3, thus supporting the where the components df and Q are written out. As a
above assumption. In order to relate the DNMR frequencyesult,

Srt=+
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1 1 mal, equivalently, homeotropic alignment. This includes the
Vizizqu babsQap=*7 vq> bIQu, case where a molecule lies flat on the surface whereas its
al » long molecular axis reorients in the surface plar@=(
1 —1/2) [24]. However, the symmetry of the ordering tensor
=*3 vqQ[3bZ—1+ n(bk—bd)], (8)  must reflect the symmetry of local environment, which is not

cylindrical due to a slight surface curvature, i.e., one must

with A=X,Y,Z. Introducing® and®, the tilt and the phase permit confinement-induced biaxial orderingg€0). This
angle, respectively, of the external magnetic fiekd C&n be taken into account by considering the eigensystem of
=(bx, by bz)=(sin(:) cos®,sin® sind,cosO) expressed in the order parameter must coincide with the one dictated by
the XYZ frame, the eigenframe of the orientational ordertN€ Pore geometry, i.e., the local coordinate systeyn

parameteR, Eq. (8) becomeg31] matches the eigensysteYZ. ThenR,,, .xyA ¥ (,0¢,P()
- is an identity matrix and consequently

+—+1 inFE
v ==gvaQl3 coSO -1+ psirO cos2b].  (9) y= i%qu[3 sirf6 cof ¢ — 1+ 5(sirtd sifkp—coLo)].

Now, it is necessary to relate tizeigensystem to the “crys- 1D

tal” frame x'y'z’ that is fixed to the Anopore StrifFig. | et us now further assume homogeneous molecular order,
2(a)], with its ' axis pointing along the symmetry axis of the namely, thatQ and 7 do not depend on the position of the
cylindrical cavities. To that end, let us describe the orientayglecule on the surface. The deuteron line shbp8 is

tion of the sample withd, the angle betweer’ and the given by

magnetic  field By, hence by, =(by by ,b,)

=(0,sing,cosf). The magnetic field vectordyy, and (v +1(v7)
beryror, €xpressed in the ordering tensor frame and in the I(v)= — s (12a
crystal frame, respectively, are related via
_ . L1dN|dv|?
byy 7= nylzﬂxvz(q’Ov(ao,q)o) I(v™)= N @ w (12b)
XR;/:;'Z'HXyZ(O’W/Z’_ ¢)bXIyIZI, (10)

N is the number of resonating nuclei. In a molecular film of
homogeneous surface coveraye A(h, ¢) the angular dis-

where Ry, .xyz represents the Euler rotatidi32] of the A X
tribution is also constantN/d¢=N/27. We then find

local coordinate systemyz into the ordering tensor eigen-

systemXYZ, whereasR, /. .y, iS the respective rotation 8y

of the “crystal” systemx’y’z" into the local systenxyz. l(v™)= [ (p+3)sifd—1— ,7;_)

The position of the local coordinate system in a cavity is TvgQ Vq

given by its azimuthal anglebe[0,27r] and the altitude 8y ~1/2
coordinateh [Fig. 2(c)]. The translation of the molecule X| x—+1+ 77—27;sin26) (13
on the surface in parallel witk’, i.e., the variation ofh, vqQ

ngular dependencies of the above line shapes are shown in
ig. 3@ for a few representative values af. The above
ransiaion around the crcumierence f the caviy 1.1 18P A1 depencerces e e e e ot o
the change ing significantly changes the frequency shift 'E)erwas shown to Exist inpthe long chain ali gl11atic acid treated
v*. Therefore, deuterons in molecules found at different 9 P

angular coordinates resonate at different frequencie’sA‘nOpore’ filled completely with 5CE14]. At a general ori-

+ , entation# of the sample, two pairs of spectral singularities
v-=1(vq,Q,7,¥0,00,Pg;¢,0). The five unknowns—the . . ' ; .
order parameter componen® () as well as the orientation are visible[Fig. 3(b)] at the two respective frequency pairs,

(Vg,0,,d,) of its eigensystem with the respect to the local e

frame can depend on the molecular positibng), or alter- v (Q,7;0)= iqT[(nJr 3)sifd—np—1] (149
natively, vary stochastically along the surface. In such a most

general case this makes it unfeasible, without further simpli-
fications off, to determine the above unknowns and theirand

possible distributions orh, ¢)—dependencies from the dis- 14Q

tribution of the deuteron NMR absorption frequencies. v (Q,7;0)= iq?[znsinze— n—1]. (14b)

does not change its orientation with respect to the magneti
field. The corresponding frequency shift is independent oé
h, as demonstrated by Ed9). On the other hand, the

B. Symmetry considerations in a cylindrical geometry The two singularity doublets;” and »;; correspond to an-

On smooth, flat surfaces, the long axis of a nonadsorbedular locationsg,= 0,7 and ¢, = 7/2,3w/2, respectively.
(not frozen at the surfag&sCB molecule is expected to ex- At #=0, »= does not depend ow. Then, the spectrum
hibit uniaxial dynamic reorientations around the surface norconsists of a doublet of frequency separation
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Q
~

which can be used to estimate the orientational of@enf

o 11 i the surface deposition, provided tH@ is determined from
~ 0° ____L__ __M_ an independent measurement of the bulk doublet angular de-
£ 150 M pendence.
> 30° M __[1\1_
% = o —"M‘ V. MOLECULAR SELF-DIFFUSION
S 459 _ Nt
Z 60° %vk }u\ In the above discussion, the molecular translational diffu-
g i -L 4— _’M_J‘\ sion on the alumina surface was not considered. If, however,
£ 73—\ during the DNMR signal detection period a molecule travels
~ 900 J\-—JL JPAVM a considerable distance leading to changes in its resonance

101 -10 1 frequencyr(6, ¢), motional averaging of the DNMR spectra

will take place. Specifically, substantial averaging occurs if

b) 1 on the DNMR experimental time scalg,wr a diffusing

g7 ; molecule scans all possible frequencies. In order to achieve
S 30 that, it must travel an angular distance of at leAsi~1
g around the circumference of the cavity. The width of the
S 60 respective frequency interval is

90-t+——+1} —

-4 d Avig ae=|v/" = vy |[=[v —vy = Q8 7])|sin20,
4v/(vQ) 8

(19

FIG. 3. (8 Angular dependence of theoretical DNMR spectra e - . . .
for several values of the asymmetry paramefeTo account for the characteristic “rigid lattice” DNMR line width, obtained

homogeneous line shape broadening, the spectra are convolutéythe absencg of diffusion. IP'S quantity dleter.mlnes the time
with @ A vpon,=0.08 v4Q/4 Lorentzianb) angular dependencies of scale Tpyur Via Tpnmr™ A Viig 1ar.- FOr @ diffusion process
spectral singularities, (solid line§ and v, (dashed lings The  with a Gaussian-type propagatad g~ \/(A¢>2) and Tpyur
black lines correspond to the+” satellite transition and the gray can be related via S(A $?)=2Dgmponwr- Combining the

lines to the “—" satellite transition. above relations we obtain the characteristic surface diffusion
constant
1
Avs=—7v4Q(1+ 7). (15 DYMR~DYR|IQ(1— 7/3)|sir?, (209
Here the indexSis used for “surface” to emphasize the 2D Dsy'"=3rgvg/16. (20b)

nature of the surface deposition. The surface order parameter
and its biaxiality can be determined from the singularity!n the slow diffusion regimeDs<Dg"®, there are no mo-
splittings Av,=v," —», and Av,=v; —v;, , measured at tional averaging effects and DNMR probes the “rigid lat-
the 6= /2 orientation, tice,” i.e., the zero diffusion limit line shape as given by Eq.
(13). For faster diffusionDg~D3 R, motional narrowing
2A v (7/2) sets in. With increasin®g, this regime is reached sooner in
I (16a  a system with smaller pore radii and higher orientational
order. Diffusion effects are also more pronounced at smaller
2Avy(m/2) sample tilts. In the fast diffusion limitDg>DEYR, the
n=1+——-. (16b) DNMR spectrum is averaged out completely. Its angular de-
Av(ml2) pendence can be calculated by noting that in this regime,
every molecule travels on the DNMR time scale several
times around the cavity circumference, thus, the diffusion-
averaged orientational order parameter tensor of any mol-
ecule possesses uniaxial symmetry with the symmetry axis
1 parallel to the cavity axis. The effective molecular order is
Avg==1,QgP,(cosf) (17)  similar to that in full untreated Anopor21] where at any
2 orientation a sharp doublet with a splitting proportional to

, . , P,(cosé) is found. At =0, the resonance frequency does
is detected 'at any sample orlentatle.ri-]ereQB denotes the ot depend on the angular coordinate [see Eq.(11)];
bulk nematic order parameter. Equatidi$) and (17) can  pNMR is unable to distinguish if the molecules diffuse or

Vq

This behavior is significantly different from that in full, un-
treated Anopord?21], where only a single spectral doublet
with a bulklike frequency splitting

be combined to yield the relation not. The zero diffusion limit and fast diffusion limit spectra
are identical atv=0 and consist of the doublet with fre-
AVS(QZO): 2Q(1+7) (18) quency splitting given by Eq15). At a general orientation,
Avg Qs ' the doublet splitting in thé®s>DYYR limit is then
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—M(¢,t)=M(t). One can then introduce d-component
magnetization vectoM (t)={M(t)}, a NXN component
diagonal matrix of frequencies™={v; 8}, and aNxN
with the indexD representing the diffusion-induced change component “exchange” matrix, where only its nonzero ele-
in the DNMR spectrum. ments are shown below:

In our systemP3)/'R=3.4x10"1° m?s™*; at any sample i .
orientation, |Q(1— 7/3)|sirf6<1 is also satisfied, so that -2 1 1
DYMR<3.4x10 1° m?s 1. To estimate the effect of diffu- 1 -2 1
sion, we shall assume that the surface diffusion congdant
is not too different from that of bulk 5CBD g~D3¢g, With Ds
Dscp~5.5x10 ' m?s ™! in the isotropic phase afl K= TOE
=310 K and~7.5x10" ' m?s™! in the nematic phase at 1 -2 1 roA¢
T=300 K [33]. At sufficiently small values ofQ, Dg
=Dy"R is satisfied, i.e., diffusion-induced motional averag-
ing sets in even a¥=w/2 where it is least effective. In 1 1 -2
general we thus deal with different NMR line-shape averag- (24
ing regimes: fast motion limit at small sample tilts, interme-
diate case at intermediate tilts and slow motion limit for
0— /2.

In the intermediate regim®g~D3"R, the DNMR line dM(t)
shape is only partially averaged out and neither @8) nor at =[i27rf —T2’11+ KIM(t) (25
Eq. (21) describe the spectrum adequately. Under such con-
ditions, the line shape has to be calculated using a generglith solution
approach, namely, by Fourier transforming the diffusion-
modulated deuteron nuclear magnetization decay in time. M(t)zexp[(iZTrvi—Tz’llJr K)t]M(0). (26)
This decay obeys the diffusion equatiBv] N N

1
Avgp=— 2 r4Q(1+ 7)Py(cosb), (21

Then, Eq.(23) can be recast in the form of linear popu-
lation equations,

Herel is aN-dimensional identity matrix. At any given time
M(p,t) . M(¢,t) all angular coordinates are equally probable, heNb@)
! 2mv=($)M(¢,1)— T, «1=[1,1,...,1. The frequency spectrum is obtained by
Fourier transformingV (t),

2
L Ds#M(4.1)

22
2 9¢? (22

[ (v)o J?exp{—iZwvl tIM(t)dt=«"(»)1,

with »*(¢) as defined by Eq(11). Although a diffusing (279
molecule moves in three dimensions, the problem is first . + ~1
reduced to two dimensions by unfolding the cylindrical sur- k(v)= i2m(y=—v1)=T; 1+K. (279

face of the cavity into a plane with coordinate space, . .. . + . .
(foé,h), and then to one dimension by noting thét(¢) is An individual component - of the above intensity vector

independent oh. T, is the spin-spin relaxation time that corresponds to the amount of signal originating from the

describes the effects of all magnetization-dephasing mechzgl—ngm"’hr Qtervalgf[¢k;A¢/.2’¢r']<+Ad’|/2]' Tr}ehexpen-
nisms excluding diffusion. It is taken as independent for n:lenta y detected line shape Is the real part of the sum over
simplicity reasons. The detectable NMR dedsi(t) is a all components,

s_uperptznsition of signals_ originating from all angular posi- 1= (v)<Re{1TkL(v)1}. (28)
tions, [5"M(¢,t)dt. Solving Eq.(22) for M(t) then makes

it possible to calculate the DNMR line shape from the Fou-We have thus converted the complex problem of solving the
rier transformationl = (v) e [{M(t)exp(—i 2mv-t)dt. A so-  diffusion Eq.(22) to a simple calculation of the inverse of
lution for Eq.(22) can be found in an elegant way by rewrit- the matrix«(»). The resulting spectrum reproduces the true

ing the derivatives in terms of differences, diffusion case only in th& — o limit. However, the actuaN
required to obtain a satisfactory resemblance is set by the
dMi(t) . M, (t) Dg homogeneous line width vy, i.€., the spectral width of a
T iI2my M (t)— T, + W[MKJA(U signal corresponding to nondiffusing molecules at an angular
0 coordinateg, related toT, via A vpem=(7T,) 1. N must be
—2M (1) + M, _1(D)]. (23 chosen large enough thaty,,,, exceeds the inhomogeneous

frequency resolutiod v, 5¢/N. Using Eq.(19), this results
This is done by partitioning theb € [ 0,277] continuous coor- in the criterion
dinate space into &l-dimensional space of equally spaced
coordinates ¢,=kA¢ where k=1,2,...N and A¢ N= mTorqQ(3— n)sinze 29
=2m/N, as well as replacing:™(¢$)— v, and M(¢,t) - 8 '
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a) 1 1000 0.2 ¢I ¢II ¢I . ¢II ¢I
2 ’ o UL vi '\ {dv i
g0 J 0.0/ s ]
3 M — VI+'V' d¢
£ 30° JVL 2
E m ‘;’ -0.2 -
£ 609 J \ * dg /[t
g N\ -0.4- - :
£ 909 / N\ dvi\g v v

-101 -101 -101 -0.6

4v/(vQ) 0 90 180 270 360

b 5 1000 ¢ (deg)
i~ A FIG. 5. Schematic representation of effective spectral singularity
= N shift »" due to molecular diffusion for a system witj= 0.5 at an
= orientation #=/4. The fluctuation of the phase anglé¢
2 L_ ~/2Dgdt about¢,=0,7 and ¢, = 7/2,37/2, respectively, during
‘; the signal detection periodt corresponds to frequency fluctuation
’é . 1 dv aroundr;” and v,/ , respectively. At slow diffusiond s<1, this
o is detected as a single averaged frequency responsejiithy’ in
= J L JY YL /f 1\ \ U the ¢, singularities andv;; + v’ in the ¢, singularities. This inter-

101 -101 -101 -101 -10 1 pretation is valid for any) and 7 asv(¢) always retains its cég

4v/(vQ) dependence [Eq. (11) can be recast intowv(¢p)=a(6,n)
+b(60,7)cose]. Only the “+” satellite line of the doublet is

FIG. 4. Angular dependence of theoretical DNMR spectra inShown.

different,ﬁs-characterized diffusion regimes féa) »=0 and(b) hift of the si lari . hi b lained b
7=0.5 (Rnon=0.08). Black lines were calculated withs values ~ & STt O the singularity positions. This can be explained by
as specified, whereas the gray lines were obtained Disin?6. examining theg dependence of the rigid-lattice frequency
’ . ; shift in Eq.(11), schematically presented in Fig. 5. For sym-
They overlap almost perfectly, except for the discrepancy in the . . . .
» o~ _ _ metry reasons, the effective frequency shifts of the singulari-
transition regionDg~1, particularly pronounced a@=30°. This

demonstrates that stronger averaging takes place at smaltbe ;[jl(ier‘ZCTii\:]es tc\?esfamnetggg:%l:gé\fvﬁt’gps; 6), but opposite

discrepancy is not visible at very smalifor there the line shapes ' ' '

are diffusion invariant V%(Q’W’DS<DEMR;0)% v (Q,7,0)% v (Q,7,Ds; )
(303

Let us now consider the worst case scena@e: 1, =0,
9= /2, andT,— T, (T, cannot exceed,). Using the bulk ~ and
5CB valuesr,~180 kHz andT;~15 ms[33] one obtains + +

q 1 + NMR . ~ =+ . ’ .
N=3000. For smaller order parameter values and smaller”tl (Q:7:Ds=<Ds™50)~ vy (Q,7:6)=v"(Q,7.Ds;6).
sample tilts, this reduces f§~100. (30b)

It is straightforward to show that DNMR spectrum given ag this point it is worth pointing out the close analogy that
by Eg. (22)/ can be expressed in a dimensionless formeyists petween a cholesteric LC DNMR spectra, investigated
| =(v;1,0,Avpom,Dg) in terms of the dimensionless fre- by Chidichimo and coauthorf35], and the DNMR line
quency 7)=4v/(qu) and the dimensionless parametersshapes found here. From the DNMR perspective, the preces-
wavhom: Ao/ (¥4Q)  and Be= DS/DEIMR. Diffusion-  Sion of the molecular director on moving along the symmetry

induced averaging effects are illustrated in Fig. 4 for severafXis of a cholesteric LC structure is analogous to the reori-
. . e ~ entation of the molecular director as the molecule moves
values of the dimensionless diffusion rddg. The calcula-

_ . - _ - around the circumference of a cylindrical cavity. In R&5],

tion of angular patterns with constadt, despite providing  an analytical approximation for the diffusion-induced shift
the most elegant approach in view of thg dimensionless- »’ was calculated for a specifié= 7/2 orientation, withé
ness, implies @-dependent diffusion rat® 5 [see Eq(20)], measuring the angle between the cholesteric axis and the
an experimentally unrealistic scenario. This is why a secon@xternal magnetic field. The cholesteric pitpgh can be re-

set of theoretical spectra is also shown in Fig. 4, calculateglaced with the circumference 7@, so that

with Dgsir?, i.e., with 6-independent diffusion ratBg. In ¥’ (Q,7,Ds;7/2), adapted to our system, becomes
general, the rigid—lattige'fés<1) spectra gradually smear o)

out on approaching thBgs~1 regime, and fubsequently de- v'(Q,7n,Dg;m/2)= %(3— 7U(Q,Dg), (313
velop into a sharp resonance doublet in Be>1 limit. In

the case of a slow diffusiorls< 1), the averaging results in where

041703-9



ZALAR, BLINC, ZUMER, JIN, AND FINOTELLO

1 p( 24Ds ) (31b)
—exp — .
¢ Vqu(ZJ

As discussed in Ref35], numerical factors in Eq$31) may

2
VquO

24D

U(Q,Dg)=1—

be incorrect due to some rather crude approximations made g

in their derivation. The most important property of E(30)

is the invariance of the sum of the singularity positions to

diffusion,
v (Q,7,.Ds<D§"™;0)+ v/ (Q,7,Ds<D§";0)

= MBSWG—Z),

8 (32

which allows to measure the value of the prodQqty+1)
even in the presence of diffusion. Unfortunately,and »

PHYSICAL REVIEW E65 041703

6=0 o 1Ay —

units)

O=nf2

|Av]
1 l~— 1Ay, | —] .

Intensity (arb

0.5 1.0 1.5

0.0
4v/(vQ,)

-1.5 -1.0 -0.5

FIG. 6. Theoretical DNMR spectra of surface-deposited 5CB

cannot be determined separately, since, unlike the cholesterigolecules in the case of inherent biaxial ordering, calculated with
LC’s case[36], no equivalent system can be used for anparameterQ=Qo, 7=17=0.2, Ds=0 (dark gray liney and in
independent measurement@f Hence, the only reliable ap- the case of slow diffusion, calculated with parame®@gs=Qo(1

proach to determin®, », andDg is by fitting the angular
dependence of the spectra.

Without diffusion, singularity splittings can be used to

determineQ and » using Eqs(16). In the presence of diffu-
sion we have

Av|(0=0)=—¥(n+l), (339
v4Q
AV|(9=7T/2)=T—ZV’(QJ;,DS;W/Z), (33b)
and
vqQ
AV||(0:7T/2): T(ﬂ_l)‘FZV,(Q, 77,Ds,77/2)
(330

These relations are dependent on each other through

Ay (0)+Av(7/2)+Av(7/2)=0, (34

due to the tracelessness of the orientational order paramet@

tensor. As a consequenc®, », and Dg cannot be deter-
mined simultaneously from Eq933). However, in the

+79), =0, Ds(ngﬁ: 70) 70 (light gray lines. A minor mis-
match in the position of the maxima of the two models is attributed
to an approximate-only value of the numerical factor of E2¥)
[see Eqgs(31) and the associated tgxfThe =0, Dg=0 case is
also shown for comparisofblack lines.

which, for Ds<D§"R, can be linearized to yield

16
Ds~55QDg" 75 - (37
This demonstrates that slow diffusion yields an effective bi-
axiality 7;‘5“. It is thus difficult to resolve between inherent
biaxiality and diffusion effects. This is well manifested, for
small » and Dg, in the matching maxima positions of the
Ds=0, »#0 and theDg#0, =0 spectra of Fig. 6. Nev-
ertheless, the nuclear magnetization decay due to diffusion is
of a dynamic nature and results in a homogeneous broaden-
ing of the DNMR spectrum. The solution to E@®3) for a
givenk is not an exponential function—in other words, the
contribution of diffusion to the homogeneous spectral com-
pnent from the molecules found on the average at an angu-
lar coordinate¢(k) is in general not a Lorentzian. In the

slow diffusion limit, Dg<D3"R, one can disregard the mix-

uniaxial case §=0), they yield two measurable parametersing (k=1) terms, so that the diffusion effectively results in

- 4Av,(0) ’ (353
Vq
eff__ ZA V||(7T/2)
b = W (35b)

The indexD standing for “diffusion” is used withQ and °"
to emphasize that they are determined assurbigg O and

7=0. Dg can in turn be determined from the known values

of Qp and nefo by solving the transcendental equation

i . 4—6U(QDg

=1 2-30Qby 39

an increased spin-spin relaxation ratel$f=1/T,+ 1/T5

with T)<Dg'. As noted earlier, a8=0, diffusion is inef-
fective andT5"=T,. At §>0, on the other handl§'<T,,

and the spectral singularities are broadened with respect to
rather sharp inherent biaxiality case singularitisse thed

= /2 spectra of Fig. 6 The orientation dependeﬁi‘é“f is
therefore an indicator of the diffusion averaging of the
DNMR line shapes.

VI. EXPERIMENTAL RESULTS
A. Experimental details

DNMR spectra of 5CBad, films in Anopore were ob-
tained by 9§-90) “solid echo” pulse sequence irB,
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st : e o FIG. 8. 5CB surface deposition DNMR absorption doublet fre-
-60 -40 -20 0 20 40 60 quency splitting as a function of surface coverage for batches |
v- v (kHz) (solid circles and Il (open circlegs The span of th&(1+ ») order

parameter product's vertical scale is setigy= 180 kHz[Eq. (15)].
FIG. 7. Batch Il DNMR spectra, recorded @0 andT,,om- B
denotes the bulk component. Molecular deposition at the surfac

denoted byS, exhibits a reduced doublet splittifdotted framé ‘Uescribed quantitatively b, into the surface ordeichar-

acterized byQ), in the A;<A<A, (c,<c<c,) interval. It
would thus appear that the only possible molecular states are
the “bulk” one and the “surface” one. The previous obser-

Larmor frequencies, =30.9 MHz andr =58.3 MHz, re- .00 contains all the characteristics of a dewetting scenario
spectively. Results were perfectly reproducible in both mag[7] where molecular depositions with>A, tend to dewet

netic field strengths at any arbitrary orientation of the;

samples, demonstrating that no magnetic field induced orie into the bulk, leaving the dewetted regions covered with a
Mples, 9 9 Yhin molecular film, deposited at the air/solid interface. The
tational effects are present.

Samol £ vari of ver [ Eq(2)] properties of such a film are governed by the interface and

amples Od fa out\s;vsud_;ce c;)Ae agle(sz)b Steﬁ q.l q IIthe resulting molecular orientational order at the surface

Were prepared from wo difterent Anopore batches, 1 an ‘agrees with the discussion in Sec. IV B. Explicitly, the sur-
with the same nominal pore diametdp=2r,=200 nm.

Preliminary results for films formed in batch | were reportedface layer doublet splitting vs is proportional to the surface

) o L orientational ordeQ. Experimentally determined values of
in Ref. [8]. A more extensive investigation was then per- Q P y

formed with batch Il; we present here the combined resultsA vs*Q(1+ ») are shown in Fig. 8. In the region where the

Except for some minor quantitative differences, which will Surface component coexists with the bulkys~5-7 kHz

. o nd hence&(1+ )~ —0.15 is practically independent of
be discussed below, qualitatively the results do not depen$his is terb(e e>:7p)ected sincepon dew)e/tting pthe thermody-
on the Anopore batch. '

namically stable surface layers remaining on the exposed ar-
eas, most likely, have similar molecular configurations and a
well defined, homogeneous effective thickness and conse-
DNMR line shapes a#=0 orientation for a few repre- quently, a homogeneow Let us call such a film coexisting
sentative samples of batch I, measured gf,,=298 K, are Wwith bulk, a “saturated film,” and denote the respective order
shown in Fig. 7. The spectra for samples wiic=0.35) parameter withQs,=Q(c>c,). The excess material is all
<2.4 A=A (c,) all display a characteristic bulk nematic collected in the bulklike phase. Belogy, however, there is
doublet(denoted byB). Its frequency splittingA vg is pro-  Nno excess LC material left to dewet. Then, since the surface
portional to the nematic order parame g, in accordance density of the molecules is too low for the formation of the
with Eq. (17). Decreasing the filling factar, or equivalently, ~saturated film, the orientational order must depenc dor
increasing the area per moleclea second frequency dou- C<cj. The strong, quasilinear increase@# A vg belowc,,
blet appears which coexists with the bulk one. Let us denot&een in Fig. 8, indeed reflects this situation. In the limit of
this new doublet by8 as we speculate that it originates from infinite area per moleculec(~0, A—x), Avg~22.5 kHz,
the surface deposition of liquid crystal molecules. The relacorresponding t@~ —1/2. The above results agree with a
tive intensity of theS doublet, measured against the bulk scenario where on decreasing surface coverage from the
doublet intensity, increases with decreasmdhe bulk part saturated film to infinite dilution A— ), the orientational
completely vanishes abovA(c<0.02)=42 A?=A,(c,). order parameter changes from1/2<Qg<1 to Q= —1/2
Coincidentally, this value also characterizes the 2D-liquid(Fig. 9). It should be stressed that the sign@fcannot be
phase of 5CB at an air-water interfaf&l]. A remarkable determined through deuteron quadrupole-perturbed NMR ex-
feature is the lack of gradual development of bulk orderperiment due to the: sign in Eq.(11). Thus, one is limited

=4.73 T andB,=9 T superconducting magnets at tAe

B. Surface coverage dependence of the resonance spectra
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to conclude thaiQ|—1/2 in the A—o limit. As already -
stated,Q~ —1/2 whenever the molecular long axes lie flat  FIG. 10. Experimentab-dependence spectral patterns of the
on the surface and reorient quickly on the NMR time scale irng, = 0.1 system in which bulkB) component and surfad®) com-

a uniaxial fashion with the axis of symmetry perpendicular toponents coexist. Gray solid lines were measuredr a310 K
the surface. If the saturated value @, were positive, >T,, and black solid lines &af,,<Ty, - In the isotropic phase, a
Qs,~0.15, then on approaching the—co limit with Q= small splitting of the bulk isotropic absorption peds;) is visible.
—1/2, Q(A(c)) would have to cross zero in order to becomeBelow Ty, , the bulk component is seen as a single douligf) (at
negative; since this was not observdétg. 8), we conclude any orientation. The surface layer deposition comporgntrans-
that Qg,= —0.15 andQ<0 for any A(c). In terms of the forms from a doublet a9=0 into a four maxima structure, remi-
language introduced for full Anopore, the molecular configu-niscent of cylindrical symmetry, &= /2.

ration of the surface layer is planar radial with a negative _ . S .
orientational order parameter. The planar polar configuratiof2Use of a rather weak signal-to-noise ratio in this particular

can be excluded, for in a 2D system the contribution of lineSc@N- AtT<Ty; where the bulk part is in the nematic phase,

singularities with zerd is not negligible, in contrast to 3D S component is clearly visible. Here, the magnitude of the
systems(full Anopore). If singularities were present in sur- PUlk nematic splitting isAvg~49 kHz while the surface

face depositions, they would contribute to the deuteron NMRECMPonent exhibits & vs~6.4 kHz splitting. The angular
spectra as quasi-isotropic absorption peaks with zero fredependence of the spectra of Fig. 10 clearly demonstrates

quency shift; as evident from Fig. 7, such is not the case. that the difference in the frequency splitting between bulk
and surface phases is not only a consequence of a decreased

orientational ordeiQ in the surface phase as compared to
bulk, but also due to a different configurational symmetry:
Deuteron NMR line-shapé dependencies were measuredthe bulk part angular dependence is clearly of By¢cosé)
with the ¢;=0.1 sample aff=310 K>Ty, and atT,,,, type and corresponds to a parallel axial arrangen#4,
<Ty . Measurements were also performed with the  whereas the surface deposition part conforms to the angular
=0.005 andc,=0.004 samples ak,qom- frequency pattern described by Ed43) or (28) and thus
The small splitting of the DNMR spectra in the isotropic agrees with a planar radial arrangement, as proposed for the
phase of thec;=0.1 sample(Fig. 10 exhibits a typical surface-deposited molecules in Sec. VI B.
P»(cos#) angular dependence, and reveals the presence of Because of the superimposed bulk component, it is te-
the bulk phase orientational wetting at the cavity wllg]. dious to determine the values @ », andDg in the dewet-
The S spectral component, related to the dewetted surfaceed molecular deposition from the,=0.1 angular depen-
layer, is traceable aT>T)y, only at small sample tilts be- dencies; an estimation was nevertheless made using Egs.

C. Angular dependence of the resonance spectra
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TABLE |. Best fit parameter§ and » for the pure biaxiality {70, Dg=0) model and best fit param-
etersQp, nﬁﬂ andDg for the pure diffusion # 0, Ds=0) model for three different surface coveragte
respective columns are sorted in the order of increaging(6=0)|) at T=300 K. The better fitting

model’s parameters are shown in boldface.

Chatch 0.3 0.004 0.00%
|[Avg (6=0)| (kHz) 6.2} (1+0.05) 12.5¢(1+0.02) 16.6<(1+0.02)
Avy (kHz) 2.3X(1+0.02) 0.9<(1+0.02) 2.2 (1+0.02)
|Q| 0.11X(1+0.1) 0.24< (1+0.07) 0.37X(1+0.07)
7 0.24x(1+0.3) 0.13<(1+0.3) 0+0.03
|QD| 0.14X(1+0.2) 0.27x(1+0.08 0.37X(1+0.08)
7l 0.24x(1+0.3 0.13x(1+0.3 0+0.03
Ds (102 m?s™1) 6.6X(1+0.5) 7.0+(1+0.4) <2

(16), (35), and(37). The results are summarized in Table 1.

D. Temperature dependencies

There is no such difficulty for samples wiéhc; since there Our conclusions regarding the molecular configuration of
is no bulk component. The;=0.004(Fig. 11) experimental  the surface deposition and for that matter, its existence in
line shapes clearly reflect a biaxial nature, in particular, thetself, also raise a question about the thermodynamic charac-
6= /2 spectra with Av, /Av>—1. To verify if thisis a  ter of such a state. Specifically, are there any anomalies in
reflection of intrinsic blaX|aI|ty7; as compared to a diffusion- the temperature dependence of the spectral doublet associ-
induced effective blaX|aI|tyr; , using Eq(28) we simulated ated with the surface deposition? An observation of this kind
the angular patterns. The opt|mal parameters are shown iwould indicate that the system may evolve from the 2D gas

Table I. There appears to be a better agreement with fits
whereDg# 0, =0, than with those wher®s=0, »#0 or
Ds#0, »#0, as evident from Fig. 11. Additional evidence
that supports a diffusion-induced biaxiality comes from the
fact that T,(6==/2) is about seven times shorter than
T,(#=0) (see also discussion at the end of Sec.That the
experimentally determined diffusion constants are close to
those found in bulk LC likely indicates that cooperative ef-
fects occur in our 2D molecular films.

The c,;=0.005(Fig. 12 system exhibits a small or van-
ishing biaxiality and/or diffusion ratéTable ). Its larger
doublet splitting Avg (as compared with thec,=0.004
sample reflects a higher area per molecuéelt is plausible
to assume that by increasiny from the saturated value
A(Qsa) the molecular cooperative behavior is reduced, re-
sulting in a decrease of the diffusion rate, possibly with a
Dg(A—®)—0 limit. The understanding of the spectral fea-
tures of the saturated surface deposition in terms of a rela-
tively strong surface diffusion is further supported by analyz-
ing its DNMR line width até=0, Ay, vs surface coverage
plot (Fig. 13. Within experimental error v, is independent
of A, even for A<A, where the doublet splitting\ vg is
strongly A dependentFig. 8). If the molecules were frozen
and thus not allowed to diffuse, the local value/fofvould
certainly vary over the surface. F8r>A,, inhomogeneities
in A would give rise to a distribution i 5 which would in
turn yield an increase il\vy. Since the latter is not ob-
served, we conclude that it is the molecular surface diffusion
that renders the area per molecAldhomogeneous. All mol-
ecules “see” each other very well and consequently one is

Intensity (arb. units)

Experiment
n=#0, D=0

0
| ‘1
0° J\ } n= O, DS #0
. L

_‘s;,J{\_J\;,_, Sy

40° J/\k...“..,., 85° JJ\\""/M&W
P
v-v_ (kHz)

dealing with a 2D gas, or possibly with a more organized, FIG. 11. Experimental and theoretical angular dependencies of
liquidlike state. the DNMR line shape in the,=0.004 system af oom-
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90° ‘W/‘W"/\" FIG. 14. Temperature dependence of the surface deposition
\ ’ DNMR doublet splitting for the samples with filling factors
. , . =0.015(full triangles, c,=0.004(full square$, c,,=0.2 (open tri-

-40 -20 0 20 40 angles, c¢,=0.1 (open squargs c,=0.05 (open circley c,
v-v, (kHz) =0.025(open diamonds andc, =0.005(open up triangles

FIG. 12. Experimental and theoreticah€ 0, Ds#0) angular

dependencies of the DNMR line shape in te=0.005 system at and » are constant over the cavity surface. Indeed, we as-

Troom- sumed this fact earlier to derive the theoretical line shape.
With regards to reproducibility, there is a small discrep-
@ancy in results obtained with batch | compared to those ob-
?{ned with batch II. This is noticeable in therg depen-
ence on coverage for the two batchegFig. 8 and from
Fig. 14 where thec;=0.004 data fall below those for the
&1 =0.005 over the full temperature range. This effect is not
surprising since it is quite reasonable to assume that the
properties of the molecular depositions may depend on the
deposition’s preparation process, the liquid crystal batch,
K and/or on the substrate batch. For instance, due to the exist-
ing pore size distribution, departures of the pore radii from
its nominal valuer, could yield [cf. Eq. (1)] such differ-

class into a 2D liquid collective state class. In order to asce
tain this we have measured the temperature dependence
Awvg for thec,=0.015, 0.004, and;=0.2, 0.1, 0.05, 0.025,
and 0.005 sampletsee Fig. 14 For all cases, there is a
weak monotonic increase with decreasing temperature. B
low T~270 K, the approximate temperature at which bulk
5CB crystallizes, the NMR signal was no longer detected
Cooling towards this temperature, thev, increases dra-
matically (Fig. 195. Then, the similarity between the bul
5CB freezing behavior with that of the surface layer again
suggests that in the film we are dealing with a collective
state. We do note, however, that at high temperatures, a trafi'ces . .
sition of the surface deposition into the isotropic state was _Flnally, DNMR line shapes were measured exclusively
not detected in measurements up to 450 K, the highest terTY‘—”th the sam_ples seal_e_d into glass tubes; at room temperature
perature accessible with our NMR apparatus. and a rel_atlve_ humidity of about 60%. With unsealed
samples, fitted into the oxygen and water-vapor poor atmo-
sphere of the vaporized liquid nitrogen used to control the
temperature of the continuous flow cryostat housing the
The surface deposition doublet @=0 consists of rather NMR magnet, the sharp doublets at=0 would rapidly
sharp lines;Avy(c,;=0.001) is roughly 10 times smaller (within 10 min) decay into a broad, powderlike spectra. As
than the splittingA »g. This indicates that the orientational already known from other investigations of liquid crystal
order is homogeneous, i.e., the respective order parant@terslayers, controlled atmosphere is a crucial factor; when vapor
is introduced in the system, as it diffuses through the thin

E. Homogeneity and sample stability

A A
500 200 100 50 15 - - -

4 - - - - = "
g . T £101 -_
5 2‘ o ° Q . Q.. . .e. . ] ::3 5— © =
© T e e ° L 2 % ]
2 o} P 'r.....'.........l... ........... .,. ............. P

0 . . ' 250 300 350 400 450

0 0.005 0.010 0.015
c T (K)

FIG. 13. 5CB surface deposition DNMR doublet linewidth at  FIG. 15. Temperature dependence of the-0.005 5CB mo-
0=0 vs surface coverage @t,om- lecular deposition DNMR doublet linewidth @&=0.
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liquid crystal layer it can trigger a hydrogen-bonding con-—1/2 in thec—0 (or equivalentlyA— ) limit, demonstrat-

trolled anchoring transitiof37]. ing than in a highly diluted molecular deposition the mol-
ecules lie flat on the surface. A model that incorporates a
VII. CONCLUSIONS motionally induced biaxiality provides the best fits to the

] ~data, there is a fast surface diffusion that is of the same order
‘We have shown that controlled molecular-size effectiveyt magnitude as in the bulk LC phase. The surface phase has
thllckness'l_'C surface depositions can be formed in the cyl'ma 2D gas character. Some indicators, although not totally
drical cavities of the Anopore membranes. We have appliedonclusive, of a collective 2D liquid character are also found.
DNMR spectroscopy that allowed us to accurately characteraqggitional DNMR studies in these nematic systems as well
ize their physical properties. In addition to a bulklike com- 55 \with smectic liquid crystals to investigate their growth at
ponent with parallel axial director configuration that is com-he syrface would be illuminating. Studies with different and
patible with that found when Anopore are completely ﬁ."edv_decreasing pore sizes to quantify curvature effects on the
a second, surface-controlled component of planar radial d'deposition’s behavior, as well as probing these systems with

re_ctor C(_)n_figuration is present in partially fiIIed_Anopores different experimental techniques would be important.
with sufficiently low area per molecule value This com-
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