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Abstract: Csg self-assembled monolayers (SAMs) have been prepared on zirconia, titania, and two different
silica gels by reacting £ trichlorosilane with the humidified surface®C solid-state NMR spectroscopy
indicated higher alkyl chain order on titania and zirconia materials than on the siicah@ses. Order is
inferred from the relative intensity of the main methylene carbon resonance assigned to an all-trans conformation.
Carbon longitudinal relaxation tim@{C) data reveal that these ordered alkyl chains still have large-amplitude
motions on submicrosecond time scales at ambient temperature. Since fast diffusional rotation about the chain
axis is compatible with an all-trans conformatidng, carbon chemical shift, and proton line width data for

the alkane rotator phase {§£and the Gy phases were compared. Proton spin diffusion experiments were also
conducted using an initial polarization gradient based on mobility differences. These experiments indicated
both a higher mobility for the free end of the immobilized chains and heterogeneity in the density of coverage
on at least the 20-nm distance scale. The methyl carbon line shape is also discussed in detail since its chemical
shift conveys information about both mobility and interactions with an air interface in a dry sample. Atomic
force microscopy and contact angle studies indicated a greater surface roughnegsSaMs compared to

Ci1s SAMs prepared on silicon. Ellipsometry revealed film thicknesses of 2.82 nm forh8AM and 4.05

nm for the Go SAM. High shape selectivity was found in correspondent liquid chromatographic (LC) separations

of polycyclic aromatic hydrocarbons, carotenoids, and tocopherols. The LC data confirm the highly organized
alkyl chain arrangement on zirconia and titania, which provide an alternative to the silica-based reversed phases.

Introduction

Self-assembled monolayers (SAMs) are receiving widespread

and increasing interest in materials resedréhThe majority

of monolayers are formed by reaction of sulfur-containing
ligands with transition metal (gold, silver, copper) surfaces. A
thoroughly described example is the SAM formation of al-
kanethiols on gold surfac8sSAMs are also easily prepared by

silanization of silicon surfaces. Most of these studies described

formation, structure, and dynamics of a wide variety qf C
SAMs. Very few long-chain (&) SAMs have been reported
so far6-8
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Silica gel-based & phases designed for liquid chromatog-
raphy (LC) have received increased attention after their devel-
opment for carotenoid separations by Sander &Aabplications
have included separations of caroten8id* and vitamin A
isomerst® fullerenes!® tocopherols; and tocotrienold® These
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studies have demonstrated that the high degree of molecularTable 1. Properties of the Materials Used in This Study
shape recognition for structural isomers is characteristic of

particle mean pore pore vol specific surf. nhom dens

polymeric Go phaseg? Polymeric Go phases can be prepared support size ym) size (&) (mL/g) area(nilg) (g/cnP)
by solution polymerization of the corresponding trichlorosilane  silica A 300 0.74 77 2.2
when water is added to the silica slurry. Solid-state NMR studies __(LiChrospher)

, ! caB 260 0.90 109 2.2
confirmed that the alkyl chains ofsgphases are more ordered (ProntosSil)
than those of polymeric {3 phaseg%2! A higher chain order titania 3.0 286 0.12 17 41
increases the shape selectivity of the liquid chromatographic _, (Sachtopore)

. L . zirconia 290 0.23 31 5.8
stationary phase exhibited for the above-mentioned compounds.  (zirChrom

The correlation of solid-state NMR studies with LC data has _ Pase)

provided a better understanding of the molecular shape selectiv-

ity of a series of polymeric long-chain reversed-phase materials, monomeric G phase$? As such they are not ideally suited
including G, Czz, and Go phases??223Most of the explana-  for the separation of a series of isomeric compounds. Caro-
tions of chain structure and mobility were given in terms of tenoids, tocopherols, and vitamins A and K are better separated
ordered (trans conformations) and disordered (trans-gauchepy stationary phases that exhibit enhanced shape recognition
conformations) alkyl ligands. Still, a more qualitative and properties such as polymeric{phases or 6 phases.
quantitative study on chain mobility and homogeneity of alkyl In this paper, we describe formation, microstructure, and
chain arrangement is required. It also remained ynclear Whetherapplication of Go self-assembled monolayers on porous silica,
true self-assembled monolayers can be obtained on porousitania, and zirconia. In an attempt to enhance phase stability
materials, whether there is a heterogeneity in chain arrangement, gainst possible leaching, substrates were modified using surface
(packing density), or whether even multiple layers are formed. qymerization silanization (i.e., the self-assembled monolayer

The utilization of NMR chemical shifts, relaxation times, and
spin diffusion parameters provides valuable tébte address

approach¥132According to this strategy, silanization is carried
out on surfaces with a monolayer coverage of water. The

these questions and thus to get a better understanding of alkykegyting stationary phases are more homogeneously covered

chain architecture.
Titania and zirconia provide an alternative to silica as

and offer high bonding densitié323We have chosen thezg
system because of its remarkable shape selectivity properties.

chromatographic packing materials. These supports are superiorrhe new bonded phases are characterizet®yand!H solid-

to silica with respect to mechanical stability and chemical
inertness within a pH range of-1142° Due to the different

state NMR spectroscopy. Atomic force microscopy (AFM),
ellipsometry, and contact angle determination were utilized to

nature of surface OH groups, silanization is not as easy as forstudy alkylsilane self-assembled monolayers on planar surfaces.

silica gels. The stability of a MO—Si—R bond decreases in
the order for M= Si, Zr, Ti, Al, and Nawrocki et al. concluded

Ligiud chromatography (LC) separations of polycyclic aromatic
hydrocarbons (PAHS), carotenoids, and tocopherols were used

that silanized zirconia and titania would not be stable enough to assess the performance of the, GAMs on different

for LC applicationg?® Bonded zirconia and titania phases that

were obtained though silanization with monochlorosilanes were

inorganic oxides as chromatographic stationary phases.

found to be less stable than their silica-based counterparts.Experimental Sectiort

However, the use of trifunctional silanes resulted in reversed
phases with enhanced stabilf§?” So far, research has been
focused only on g-modified titani&®282%and zirconig827

Certain commercial equipment, instruments, or materials are identi-
fied in this report to specify adequately the experimental procedure.
Such identification does not imply recommendation or endorsement

As an alternative approach for reversed-phase zirconia py the National Institute of Standards and Technology, nor does it imply

materials, Zr@ has been coated with polymers (e.g., polybuta-
diene)3° These columns have proven to be useful for a variety

that the materials or equipment identified are necessarily the best
available for the purpose.

of separations, particularly under demanding conditions such  Synthesis.All inorganic oxides used for  SAM formation were
as high temperatures or high pH. The polybutadiene-coatedof nominal 3xm particle size and 300-A pore size. The actual properties

zirconia offers shape selectivity properties that are similar to
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of these materials are listed in Table 1. LiChrospher (silica A) was
obtained from Merck KGaA (Darmstadt, Germany) and ProtoSil (silica
B) from Bischoff Chromtography (Leonberg, Germany). Titania
(Sachtopore) was donated from Sachtleben AG (Duisburg, Germany)
and zirconia (ZirChrom Phase) was received from ZirChrom Separations
Inc. (Anoka, MN).n-Octadecyltrichlorosilane anattriacontyltrichlo-
rosilane were obtained from Gelest (Tullytown, PA) and United
Chemical Technologies (Bristol, PA). The average chain length of the
latter silane is G; however, according to the manufacturers, it contains
a mixture of a mass fraction of 80%s4and higher alkyl chains and
20% G,—Cyg chains.

The self-assembled monolayer synthesis was carried out as follows.
The inorganic oxide materials were dried at 180 for 2 h. The
resulting dry powders were equilibrated with humid air from 30 min
up to 80 min (see Table 2) using a simplified apparatus similar to that
described by Wirth and Fatunmbi.Exposure time was adjusted to
the surface area of the respective materials. The humidified inorganic
oxides were then dispersed in 50 mL of xylene. Approximately 3.5 g
of n-triacontyltrichlorosilane was dissolved in xylene (reflux), and the
solution was filtered hot to remove solid impurities. The clear filtrate

(31) Wirth, M. J.; Fatunmbi, H. OAnal. Chem1993 65, 822-826.
(32) Sander, L. C.; Wise, S. Mnal. Chem1995 67, 3284-3292.
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Table 2. Reaction Conditions and Properties of the Differegs Self-Assembled Monolayers Used in This Study

equilbrn time with % C of surf. coverage asymmetry efficiency (plates/m)
support humid air (min) Cz0 SAM (umol/my) OLTBN/BaP TBN peak TBN peak
silica (LiChrospher) 60 8.77 3.57 0.64 1.32 27 400
silica B (ProntoSil) 80 16.17 5.22 0.56 1.36 27 600
titania (Sachtopore) 30 3.58 6.10 0.44 1.69 28 400
zirconia (ZirChrom phase) 30 5.26 5.06 0.42 1.50 10 000

was then added to the slurry. The temperature was kept at 12@ accumulated by alternate addition and subtraction, of the state of the
°C, and the mixture was shaken periodically. After-1f8 h, the mixture magnetization at the end of; Both the spatial movement of proton
was refluxed for 30 min and then filtered hot. The bonded phases were polarization via spin diffusion and," can contribute to the change in
washed with boiling xylene, then with acetone, ethanol, ethanol/water signal amplitude as a function &f. In our analysis of the data in terms
(1:1, viv), water, ethanol, acetone, and pentane. Samples were shippeaf spin diffusion, we made a correction foi' contributions, assuming

to Atlantic Microlab (Norcross, GA) for elemental analysis. Table 2 a uniformT;" throughout the sample. While the latter condition may

summarizes the properties of the foupSAMSs.

Cisand Go SAMs for AFM studies were prepared on silicon wafers.
For this synthesis, a solution containing a volume fraction of 0.1% of
either Gg or Cg trichlorosilane was prepared in anhydrous toluene.

not prevail, the correction based on the unifomf assumption is
adequate for our purposes because our interpretation of the spin
diffusion data is correspondingly semiquantitative.

13C Chemical shifts were determined using the methine resonance

SAM formation was allowed to take place at ambient temperature and in adamantane at 29.50 ppm (relative to tetramethylsilane, TMS) as an

4 h for Gg SAM and at 90°C and 30 min for Gy SAM. After the

external standaréf.Proton chemical shifts were determined by adding

exposure, the wafers were removed from the solution, washed with a tiny flake of poly(dimethylsiloxane) (shift, 0.1 ppm relative to TMS)

toluene (hot toluene for & SAM) several times, and dried with

nitrogen. For comparison, as&SAM was prepared with a monochlo-

rosilane using the same reaction conditions as for ta¢riChlorosilane.
Solid-State NMR. All 13C spectra were taken at 25.2 MHz (2.35

to the center of a silica B sample.

Ellipsometry. The thin film thickness values were measured using
a commercial spectroscopic ellipsometry (SE) system manufactured by
the J. A. Woolam Co., Inc. (Lincoln, NE). The rotating analyzer/fixed

T) on a noncommercial spectrometer equipped with a noncommercial polarizer SE system measures 44 wavelengths simultaneously from 1.6
probe whose 7-mm rotor/stator was manufactured by Doty Scientific, to 3.0 eV. The SE measurements were performed in air, at an incidence
Inc. (Columbia, SC)!3C Signals were acquired at ambient temperature angle of ~75°, and with the polarizer ai=10° to average out first-
under two conditions using magic angle spinning at 3.00 kHz. Either order birefringence effects. The thin-film thickness was extracted by
cross-polarization from the protons was used with a contact time of modeling the measured SE data using the commercial software package,
1.5 ms or “Bloch decays” were acquired, following a singlé pQlse. WVASE32 (J. A. Woolam Co., Inc.). The two-layer model structure
The Bloch decay data were taken in the presence of Overhauser (OV)consisted of a thin film of thicknessand refractive index value =
enhancemefit as saturating pulses were applied to the protons, once 1.5 k = 0), atop a silicon substrate. Model SE data were numerically
every 5 ms, during the period between acquisitions. For comparison, generated from the Fresnel equations, literature values of the optical
we also acquired a few Bloch decay spectra in the absence of response of bulk silicon, and initial estimates for the film thickness
Overhauser enhancement. In each case, although the signal-to-nois@nd incidence angle. The values of the film thickness and incidence
ratio was inferior, the ratio of the two principal methylene resonances angle, and their 90% confidence limits, were obtained by optimizing
in the 30-34 ppm region was nearly the same, with or without the those quantities to minimize the mean-squared error between the
Overhauser enhancement. Hence, the Bloch decay spectra taken witlexperimental and model-generated SE data. However, the resulting
Overhauser enhancement are regarded as being the most accuratéickness values depend on the value of refractive index chosen for
indication of the relative amounts of the various carbons. Signal strength the film, because SE is only capable of measuring the product of the
increased by a factor of 2.2& 0.10 in the presence of this pulsed film thickness and refractive index, but not both independently. The
proton saturation. Within the signal-to-noise, this factor also applied refractive index values used in the model were chosen on the basis of
to the methyl (1216 ppm) and thea-methylene (2226 ppm) published literature values of the measured optical properties of similar
resonances. Radio frequency field strengths, expressed in terms of thehin films. By using the same refractive index value for all of the films,
nutation frequencies for the carbons and protons are 65 and 62 kHz,the relative thickness of different films can be compared using SE.
respectively. However, these values do not necessarily reflect the true values of the
Proton magic angle spinning (MAS) spectra of vacuum-dried SAM experimental accuracy of this technique.
samples were acquired at 200 MHz (4.7 T) on a Bruker CXP200  AFM. Tapping mode atomic force microscopy was performed with
spectrometer. The radio frequency amplitude gave a nutation frequencya Dimension 3100 Nanoscope Il (Digital Instruments, Santa Barbara,

of 167 kHz (1.5us 9C pulse), and the spinning frequency was 2650
Hz unless otherwise indicated. Dead time wass2 Average longitu-
dinal relaxation timesT;", were measured by identifying the delay
time, Toui, Where initially inverted magnetization passed through zero
on its way back to the Boltzmann equilibrium leva@kf = z,u/In(2)].

CA) scanning probe microscope. Topographic (height) images were
recorded at ambient conditions. Commercial silicon cantilever probes,
each with a nominal tip radius of-510 nm and a spring constant in
the range of 26100 N/m, were oscillated at their fundamental
resonance frequencies, which ranged between 250 kHz. The setpoint

Since Bloch decay spectra consisted of both broad and narrow signals,voltage values were 8800% of the free amplitude. The images were
spin diffusion spectra, which probe organizational heterogeneity over flattened and no other filtering was done before analyzing their
the sample, were also obtained. The motivation for the spin diffusion roughnesses. The mean roughnésjs calculated as

experiments was to probe the broader line shape for those protons that

lay within a few tenths of nanometers of the mobile protons, and to

see whether all, or just part, of the protons in the broad part of the line

were such “neighbors” to these mobile protons. The spin diffusion

Ra= (L) ™o f Heo [ flxy) dxdy )

experiment consisted of a pulse sequence where, initially, the narrow WhereL,, L, are the dimensions of the surface d(dy) is the surface

portion of the line is selected using a CaRurcel-Meiboom-Gill
sequenc¥ using a 2 spacing between 18(ulses of 5Qus. At the

relative to the center plane.
Contact Angle Measurement.Contact angles of gand Gy SAMs

third echo, the magnetization is alternately stored parallel or antiparallel on silicon wafers were measured using a Rame-Hart goniometer. Both

to the static magnetic field direction. Then follows a variable period
of spin diffusion,ts, terminated by a final 90pulse that allows readout,

(33) Overhauser, A. WPhys. Re. 1953 92, 411.
(34) Meiboom, S.; Gill, D.Rev. Sci. Instrum1958 29, 688.

advancing and receding angles of water and methylene iodide were
recorded~30 s after placing the drop on the sample surface. A
minimum of six readings was recorded for each liquid on each sample.

(35) Earl, W. L.; Vanderhart, D. LJ. Magn. Reson1982 48, 35-54.
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The polar force components of the film were estimated using the 0

geometric means approach of Owens and Wéhtit.this approach, i—o—%l—cHz—cH2-<cH2>26—CH2—cH3

the polar and nonpolar or dispersion force components of a material p : o 1 2 328 29 3 B
are calculated based on contact angle data and the polar and nonpolar 3-28

components of surface tension for the two liquids. Surface tension gauche \

values of 72.8 and 50.8 mJinfor water and methylene iodidé, trans
respectively, and their respective polar component values of 50.7 and
1.8 mJ/m were used for the calculation.

Column Packing. The bonded phases were slurried in 30 mL of
2-propanol and packed with 2-propanol at 75 MPa in stainless steel
columns (25 cmx 4.6 mm i.d.; for ZrQ-Csp 15 cmx 2 mm i.d.). It
should be noted that the column packing procedure was not optimized
for the TiG; and for the ZrQ@ Cszo materials. Because the density of
these materials is significantly greater than silica substrates, it is likely
that settling occurred before the packing was complete and the resulting
column efficiencies are lower. The densities of titania and zirconia are
4.1 and 5.8 g/ci respectively, compared with 2.2 g/érfor silica
gel.

Liquid Chromatography. All separations were carried out with a Titania
Varian model 5000 liquid chromatograph (Varian Inc., Walnut Creek,
CA). Standard Reference Material (SRM) 869a Column Selectivity Test
Mixture for Liquid Chromatography and SRM 1647c¢ Priority Pollutant
Polycyclic Aromatic Hydrocarbons were obtained from the Standard
Reference Materials Program (NIST, Gaithersburg, MD). (-, y-,
and J-tocopherol were received from Merck KGaA (Darmstadt,

defects .
Silica A

ordered

Silica B
disordered

. . . Zirconia

Germany) 3-Carotene and zeaxanthin were received from Sigma (St. freont
Louis, MO) and Hoffman-La Roche (Basel, Switzerland), respectively.
The carotenoid standards were isomerized with a solution of iodine in
n-hexane according to the procedure described by Zechméister.

. . II|III|I|I|I|IIIII|I]]I |I|IIIIIII|IIII|IIIIII
Results and Discussion 50 40 30 20 10 50 40 30 20 10

*C CPIMAS NMR pem OV-enhanced “C MAS NMR

The reaction conditions for preparation ofgGAMs and their
properties are summarized in Table 2. Differences in absolute Figure 1. (A) 25 MHz, ambient temperatuféC CP/MAS NMR and
carbon content among the samples are the result of different(B) Overhauser-enhanced MAS NMR spectra of driegh €elf-
surface areas of the substrates. All SAM materials possess highfSseémbled monolayers prepared on inorganic oxides.
surface coverages varying from 3.57 (LiChrosphes) @ 6.1 usually underrepresented in such NMR spectra (Figure 1A),
umol/m? (TiOz Cgg). Although titania and zirconia possess although the extent of line shape distortion depends on cross
different quantities of surface OH groups than silica, the surface polarization efficiency, the contact time, and the local rotating
polymerization reaction utilized does not strongly depend on frame proton relaxation timdj, "; we used 1.5-ms contact time.
the native OH groups for silanization. Adsorbed water molecules For the materials we studied, more representative, low-distortion
promote silane polymerization at the surface, which is thought line shapes are associated with Bloch decay spectra in the
to result in a physically immobilized phase with occasional presence of Overhauser enhancements (Figure 1B). For the same
covalent bond linkages to the surface. A series of inorganic sample, the latter spectra consistently show an increase in the
oxides was investigated by Jaroniec et al., who found less watertrans-gauche peak relative to the trans peak compared to CP
adsorbed on LiChrospher compared to native titania and spectra. A trend in chain order is found for theySAMs. The
zirconia?® The silica A (LiChrospher) shows the lowest ligand  signal for trans conformations is relatively more intense for the
density (3.57«mol/n¥), which is likely to have resulted from a titania and zirconia bonded phases than for the silica-bonded
lower adsorption of water (at the time of SAM formation) than  Czymaterials. This indicates that the trans conformation is more
with the other substrates. An incomplete layer of water may strongly favored for the interior methylenes of they GAMs
reduce the number of sites for hydrolysis and for cross-linking on the TiQ and ZrQ phases. Th&3C MAS NMR spectrum of
of the G silane ligands. the silica A Go SAM shows the highest trans-gauche fraction.

13C Solid-State NMR Spectroscopy!C Solid-state NMR It is of interest to discuss the properties of the trans signal in
spectra (CP/MAS and Overhauser-enhanced MAS) of the four more detail since one might be tempted to assign “crystal-like”
Cqo self-assembled monolayers are shown in Figure 1. The mainorganization to the carbons giving rise to these signals (as is
resonances at 33.4 and 30.6 ppm originate from the interior the case in alkanes, e.g.1d80, CoaHas Or CssHes). The
(CHy)n groups and have been attributed to conformationally chemical shift (CS) at 2.35 T for the trans peaks of thg C
more ordered (“trans”) and less-ordered (dynamically disordered SAMs (33.4 ppm) is nearly identical to that of the interior
“trans-gauche”) regions, respectivéf?*Regarding the genera-  methylene carbons (IMCs) in the;§alkane. At ambient
tion of *C signals, employment of the technique of cross- temperature, G exists in the rotator phase with a hexagonal
polarization in CP/MAS NMR spectra tends to produce a good unit cell where the chains undergo fast diffusional rotation
signal-to-noise ratio. At the same time, mobile species are around their long axes. The CS of the IMCs in the normal

(36) Owens, D. K.. Wendt, R. G, Appl. Polym. Scil969 13, 1741. orthorhombic (e.g., & alkane) or monoclinic (e.g.,4&zalkane)

(37) Wu, S.Polymer Interface and Adhesipiarcel Dekker: New York, unit cell is~33.1 ppm, i.e., 0.3 ppm lower. The two-chain unit
1982; p 151. cells in these latter crystal structures offer environments around
15§38i_3) Zechmeister, L.; Polgar, Al. Am. Chem. Sod943 65, 1522~ the IMCs that are essentially identical to one another; moreover,

(39) Jaroniec, C. P.; Jaroniec, M.: Kruk, M. Chromatogr., AL998§ there are no large-amplitude fast motions at ambient temperature.

797, 93-102. Relative to the remaining alkane crystal phase, namely, the
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recognize the dynamic character of these “trans” methylenes.
Ostensibly they have a strong bias, in a time-average sense,
toward adopting the trans conformation; however, they are also
undergoing large-amplitude reorientational fluctuations on time
scales of a few tenths of microseconds or less. At the same
time, we cannot insist that these rather fast motions necessarily
involve conformational interconversions as opposed, for ex-
ample, to rotation about the chain axes. Indeed, the chemical
shift similarities to Go might argue for a stronger consideration
of chain rotation. Nevertheless, we do not dismiss the possibility
of some conformational interconversion, so long as the time-
average conformation remains near the ‘trans’ conformation.
k Jk The final 13C observations we discuss relate particularly to
the shape of the terminal methyl resonances and less directly
to the question of heterogeneity in the density of chain packing.
This terminal methyl carbon we have called no. 30 for
convenience, even though there is a distribution of chain lengths
in this Gy SAM (see Experimental Section). Since the NMR
spectra are correlated with LC performance, it is of interest to
R o o St MRS . understand as much as possible about the nature of the SAM
ppm 40 3 30 2 2 15 10 structure, especially its surface. The methyl resonance is
Figure 2. 1°C Spectra of the materials indicated. The SAM spectrum discussed in detail because this resonance may contain signifi-
is Overhauser-enhanced. The remaining spectra are CP/MAS. Note thecant information about surface organization. We hope that this
better overlap of the SAM resonances with thg @sonances (rotator  discussion together with future work might establish the

030 SAM on 'ﬁO2

C1 gHyp (rotator phase)

C32H66 (monoclinic unit cell)

phase) than with the & (rigid crystal phase) resonances. interpretation of the methyl line shape as an important charac-
o ) ] _terization tool for these alkane-type SAMSs.
triclinic phase (e.g., &) which has just one molecule per unit In Figure 1, it is clear that the methyl resonances in all of

cell, the 33.4 ppm SAM CS is very differefft*i.e., 1.0 ppm  the SAM preparations are quite broad, spanning the range from
lower. In Figure 2the OV-enhanced spectrum of thgtania about 12 to 16 ppm. This is true of both the Overhauser Bloc
SAM is compared with the sand G, alkane CP/MAS spectra.  _gecay spectra and the CP/MAS spectra. Moreover, in Figure
Note that the IMC chemical shift correspondence between the 1, there is often a distinct double maximum associated with
Cio carbons and the titania SAM carbons carries over to the this resonance; this characteristic is generally seen more clearly
positions of the terminal methyl carbon and thenethylene iy the Overhauser spectra. Figure 3 shows the two silica B
carbon, at least to the downfield maximums of these SAM gpectra of Figure 1 with greater vertical expansion along with
resonances. Note also that the line width of the trans peak for 4 gifference spectrum. The difference spectrum emphasizes those
the titania SAM is~3 times wider than for the corresponding  ¢arhons which had the most difficulty cross-polarizing because
IMC resonances in {s and G. The greater line width of the 3 5| resonances are measured to have very similar Overhauser
SAM resonances suggests more disorder (more chemical shiftanhancements and (b) the relative vertical scaling was chosen
dispersion) and/or more mobility (causing line broadening) than t, equalize the signal contributions from the “trans” portion of
any of the crystal phases, including the rotator phase. the line shape, i.e., the more rigid molecules. Difficulty in cross-
Another qualitative measure of molecular mobility is the polarizing can arise mainly for two reasons for alkane-type
longitudinal relaxation timeT:©. T:¢ data at 25 MHz (Table  molecules. First, the density of motions in the mid-kilohertz
3), determined by the inversion recovery sequence for #ae C regime may be high and this would typically shorép to
SAM on silica B, reveal that the alkyl chains, despite their values of 1 ms or less. In other words, the proton polarization
implied order, are still rather mobil&;© values are very similar  would be held for a time too short to allow for good polarization
for both of the IMC signals, namely, 2500 ms for the trans-  transfer to the carbons. Such a condition is usually accompanied
gauche peak (30.5 ppm) and 35000 ms for the trans peak by substantial spectral broadening of the carbon resonances
(33.3 ppm). In Table 3, thesk values are compared to those  pecause such motions would also interfere with decoupfing.
of the IMCs in Gy, C3, and G. The significantly shorteT:'s Second, this cross-polarization depends on the existence of
for the silica B sample, compared to thes@nd the Gz alkanes,  carbon-proton dipolar couplings, and, less obviously, on
indicate that the chains in the silica B are much more mobile proton—proton dipolar Coupﬁngg‘! Therefore, fast motions, with
than these alkane chains. A crude upper limit on the correlation syfficiently large amplitude, could reduce the residual, motion-
time implied by a 400-mJ;° can be calculatetf. Assuming ally averaged static dipolar couplings, both inter- and intramo-
that the!C relaxation is dipolar and the reorientational motion |ecular, to sufficiently small values that polarization transfer
of the *C—'H vectors is diffusive and isotropic, the reorien-  would become very inefficient. Because the difference spectrum
tational correlation timer, is less than 2.3« 107 s. We did of Figure 3 consists mainly of sharper spectral features, the
not measure th&;“’s of all of the samples; however, we have  second reason, namely, fast motions and weak dipolar couplings,

a general sense (from measurements of Overhauser signatonstitutes the main reason for the resonances in the difference
amplitudes at two delay times) that for the zirconia sample, spectrum.

which has a more ordered SAM than for silica B < 800 In Figure 3, the methyl resonance profiles all display double
ms for the trans peakr{ < 4.6 x 107). It is important o maximums positioned at CSs of 14.7 ard3 ppm. The 14.7
(40) Vanderhart, D. LJ. Magn. Resonl1981, 44, 117-125. (43) Vanderhart, D. L.; Earl, W. L.; Garroway, A. N. Magn. Reson.
(41) Vanderhart, D. LJ. Chem. Phys1986 84, 1196-1205. 1981 44, 361—-401.
(42) Abragam, A.The principles of nuclear magnetisr@xford Uni- (44) Steijskal, E. O.; Schaefer, J.; Waugh, JJSMagn. Reson1977,

versity Press: London, 1961; pp 29297. 28, 105.
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Table 3. 3C T; Relaxation Parameter for Immobilized and Crystalline Alkyl Chains

ProntoSil Go ProntoSil Go
CH; resonance (33.3 ppm) (30.5 ppm) GoHao CogHas Ca2Hes
properties amorphous, amorphous, hexagonal, orthorhombic monoclinic
more ordered more disordered rotator phase
13C T, value (s) 0.350.4 0.25-0.3 1.71 14.9 184

gauche defects

L I S B

ppm 45 a0 35 30 25 20 15 10

Figure 3. Vertically amplified*3C spectra of the § SAM on silica

B. Upper trace, CP/MAS; middle trace, Overhauser-enhanced; lower

trace, difference. Vertical scaling is chosen to minimize “all-trans”

peak to methyls at the organic/air interface. In our interpretation
of the resonance covering the-126 ppm region, we will asume
that all of the features arise from methyl carbons and that the
13 ppm portion of this resonance represents methyl carbons that
are only partially surrounded by organic molecules because they
lie near an air interface in the dry state.

Before we proceed with our interpretation of the methyl
resonance, we digress to explore the possibility that the “C1”
carbon, which is attached to the Si atom at the tethered end of
the chain, might also contribute intensity to this region since
its resonance is also expected to lie in the vicinity of the methyl
carbon. First, in the work just citéd,the loss of the 13 ppm
resonance in the presence of solvents, including polar methanol,
strongly suggests that the 13 ppm peak belongs to the methyl
carbon and not to C1. As to the possibility that C1 contributes
strongly to the 14.7 ppm region, we depend on less direct
evidence, namely, that the fractional contribution of the-12
16 ppm region to the total integral in each Bloch decay spectrum
is very close to 0.033, as expected for a resonance representing
a single carbon. (The Overhauser enhancement factor for this

methylene contributions near 33.4 ppm. The difference spectrum . =Y A
represents those carbons that cross-polarize with the most difficulty, Methyl resonance is, within experimental error, the same as for
especially for reasons of high mobility. Carbons “29” and “30”, the large, central methylene lines.) Also, the 14.7 ppm shift is
respectively, refer to the terminal methylene and methyl carbons at very commonly found for chain-end methyl resonances in bulk

the free end of the tethered chains which are, for simplicity of
nomenclature, assumed to be 30 carbons long.

ppm shift is the same as the methyl shift forGt is also~0.3
ppm less than the methyl shifts of crystallingz@nd Gz A
similar shift upfield was noted for chain-end methyl groups in
polyethylene in going from a crystalline to a noncrystalline

phases. The corollary to the above comments is that the real
C1 resonance must be very broad, probably owing to the
mobility restrictions from being so close to the point of tethering.
With this perspective, we return to Figure 3 and note first
that a certain fraction of the methyls in both peaks have
sufficiently limited mobility to cross-polarize. Second, we note

in the Overhauser spectrum, and especially in the difference

suggests an environment less ordered than a rigid crystal. ~ SPectrum, that the most mobi[e methyls also cont.ribute to both
The 13 ppm resonance is a different matter. To our knowl- Peaks, albeit the resonance width for both peaks is, on average,
edge, no long-chain-alkane methyl carbon resonates at such darrower for the more mobile than for the less mobile methyl
high-field position in either a crystalline or a noncrystalline carbons. Thus, while we might naively expect a correlation
environment. However, dual methyl resonance maximums, between the extent of mobility and position at the surface, this
similar to those shown, have been observed before in surfacecorrelation is only weak, if it exists at all. Also, if we apply the
layers involving alkane-type molecules. Gao et al. noted dual interpretation that Gao et al. gave to the 13 ppm peak, this would
maximums in octadecylphosphonic acid monolayers on both imply that, in all of these preparations, a half, or more, of the
zirconated silica and alumirfdlnterestingly, they sawnly the _mat(_arlal exists in a multilayer structure. Given that t_he coverage
13 ppm peak in monolayers of this acid on nonporous titania implied by the surface area measurements combined with the
and zirconia. They concluded that the methyls resonating at 130rganic assays always implied less than a full monolayer
ppm could be assigned to organic/air interfaces while the coverage in these materialextensive multilayer structures
methyls in the 1415 ppm range were methyls completely would further imply that significant portions of the surface were
surrounded by other organic molecules; i.e., these latter methyls€ither bare or had very low density of coverage. The AFM
were, in their opinion, nonsurface methyls that originated from results, discussed below, for flat substrates of silicon prepared
multilayer regions. Further support for the assignment of the in the same way these porous samples were, identify some
13 ppm peak to methyls at organic/air interfaces comes from multilayered regions but they are not dominant. Hence, we look
another study where!3C spectra of a & bonded phase, similar ~ for alternate reasons, compatible with a dominant monolayer
to the materials of the present study, were taken both in the dry Structure, for explaining why the 14.7 ppm line is so intense in
state and with different organic solvents present. In the dry state,these materials.
two methyl peaks were observed, while the presence of each We strongly suspect that in these materials, which have a
solvent, in turn, led to a shift of all methyl resonances to the distribution of chain lengths around theq@ength, there is little
position of the lower-field peak near 14.7 ppm. Both of the segregation of chains on the basis of length; rather, the different
foregoing studies support the assignment of the high-field methyl lengths are pretty well mixed, probably because (a) reaction
during SAM formation likely takes place according to the
availability of reactants and (b) the presence of solvents during
SAM formation reduces the thermodynamic driving forces for

environment® Thus, the 14.7 ppm shift is not unusual and

(45) Perez, E.; Vanderhart, D. L. Polym. Sci. B987, 25, 1637-1653.
(46) Gao, W.; Dickinson, L.; Grozinger, C.; Morin, F. G.; Reven, L.
Langmuir1996 12, 6429-6435.



Csp Self-Assembled Monolayers J. Am. Chem. Soc., Vol. 122, No. 29, 7003

segregation. In addition, tethering does not allow for any have some shift contribution from air interfaces. Also, for the
subsequent diffusion-driven lowering of the free energy by a-methylene resonance at-226 ppm, the overall width of this
sorting the chain lengths. Thus, we imagine that the shorter resonance, seen most clearly in the CP/MAS spectrum, suggests
chains in a densely packed monolayer might have their methyl a rather wide dispersion of environments. The low-field and
resonance at 14.7 ppm because these methyls are surroundedther weak shoulder at24.8 ppm coincides in chemical shift
by organic moieties that primarily consist of residues, near the with the 24.8, 25.1, and 24.9 ppm shifts of themethylene
free ends, of longer neighboring chains. (Support for this carbons in Gy, Cps, and Gy respectively. However, the
interpretation also comes from CPMAS spectra of SAMs resonance maximum at 23.4 ppm is more typical of disordered
on silic&?2 where, presumably because of uniforng €hain environments. The high-field shoulder in the CP/MAS spectrum
lengths, there would be significantly fewer methyls buried below may reflect some aitinterface contribution. In principle, C2
the surface. In this case, no distinct peak at 14.7 ppm is resonance contributions are also expected in this region, but
observed; there is only a broad downfield shoulder for the 13 relative integrals in the Bloch decay spectra again suggest that
ppm resonance.) At the same time, owing to the dense packing,mainly one carbon is contributing.
these methyl carbons on the shorter chains would probably have To summarize the inferences based on@&CSs,T:¢, and
sufficient dipolar interactions for cross-polarizing. The methyl the methyl carbon line shapes, the picture that emerges is as
carbons on the longer chains in such an area of dense packindollows: First, there is a reasonable correspondence between
would probably exhibit an average mobility and an upfield shift, the CSs of the @ molecules and a subset of theSAM
both of which increase with chain length, the shift being the resonances. Secorfi® measurements indicate large-amplitude
result of a greater proximity to the air interface. Conceivably, motions (probably anisotropic) at ambient temperature on a time
the intermediate chain lengths might have sufficiently strong scale of microseconds or shorter for all carbons. So the dynamic
dipolar interactions to contribute to the CP/MAS intensity near processes are both fast and pervasive. Third, on the basis of
13 ppm. But then, how does one get highly mobile carbons to the methyl carbon line shapes, there could be some multilayer
contribute to the 14.7 ppm line as is demonstrated in the or bilayer character in these preparations. Also, the appearance
difference spectrum of Figure 3? And what is the origin of the of the surface, even for the more densely covered surfaces, is
very mobile methyl carbons that resonate at 13 ppm? probably quite textured on a scale of, say,-8037 nm, owing

We propose two possibilities for mobile methyls at 14.7 ppm. to the distribution of chain lengths (see AFM section). Finally,
First, if there are some multilayer structures, it is likely that a there is a relatively strong suggestion that significant variations
bilayer structure would form because of the amphiphilic nature in packing density are present in order to explain the variations
of the Gg SAM molecules. Thus, all methy|s in such a bi|ayer in both mobility and CS of these methyl carbons. But we have
would share approxima’[e|y the same elevation within the |ayer_ no indication of the distance scale over which such variations
Moreover, the effective molecular weight of any molecules that are to be found. We note in passing that when Gao et al.
are not tethered to the surface could be rather small. Suchobserved only a 13 ppm methyl resonance for octadecylphos-
molecules might possess significant translational mobility, Phonic acid monolayers on nonporous titania and zirc#hia,
which, in turn, could reduce the important intermolecular dipolar We presume that those monolayers differed from ours in two
couplings to protons. Second, assuming two conditions, namely,important ways: (a) they had no variations in chain length and
that (a) mostly “monolayer” regions exist and (b) variations in (0) the density of the coverage in their monolayer was quite
chain density from one surface region to another exist, one couldhigh and reasonably uniform, possibly because all their surfaces
imagine having a density sufficiently low that chains would be Were external and easily accessible to the reactants.
in a dynamic state of collapse such that methyls would be found, Characterization of C1g and Czo SAMs by Atomic Force
on average, surrounded by organic moieties. In this case, oneMicroscopy, Contact Angle, and Ellipsometry Measure-
would expect a mobility for these methyls that is much greater ments. Some important information on heterogeneity of films
than for the shorter-chain methyls in a more densely packedon planar surfaces can be obtained by AFM. Bierbaum et al.
surface. studied the growth behavior as well as film properties gf C

What, then, might be the morphological origin for highly Cis and Go SAMs using near-edge X-ray absorption fine
mobile methyls resonating at 13 ppm? By inspection of Figures Structure (NEXAFS) spectroscopy, AFM, and ellipsomeétty.
1 and 3, it appears that the population of these methys is highest heir results support the “island model’, which concludes that
in silica A and in silica B, the samples with the lowest packing incomplete monolayers result from the presence of partially
densities and the lowest fractions of “trans” methylene carbons. ordered islands and not from homogeneous, low-density cover-
One suggestion is that the mobile, 13 ppm methyls are identified 29&*’ Our preparation of the 4 SAM differed in that we
with chains in regions of such low packing density that one &llowed SAM formation to occur at elevated temperatures (90
would have high mobility but would not have a very dense ~C) in order to have reaction conditions similar to those for the
environment of organic moieties. For these chains, more carbonsP0rous materials. Figure 4 illustrates AFM imageg.(d area)
than simply the methyl carbons would be expected to have shifts of Cig and Go SAMs. For comparison, the g@monolayer is
characteristic of an air interface. Another suggestion is that theseVery Smooth; its surface roughness is smaller than 0.09 nm. A
methyls are associated with the longest chains in medium- to Much higher surface roughness (0.77 nm) was determined for
high-density layers, but this is less consistent with silicas A the Go SAM, which is on the order of about five-€&C bonds.
and B having the highest populations of these methyls. This might be due to the chain length distribution in the) C

If we look for other clues from non-methyl resonances for silane, varying from @ to Css (approximately) which is very

the interpretation of the methyl resonances, we note that, in the“kew o increase surface texture. AFM images of larger areas

difference spectrum of Figure 3, the width of the “trans-gauche” (20 um) indicate the presence of adsorbed particles or clusters

peak is quite narrow, suggesting that high mobility is not
confined completely to chain ends. At the same time, we do
not see any evidence for upfield shifts that might indicate interior
methylene carbons in very low-density environments that might

(average height#10 nm) on the g SAM. Keeping in mind
the length of an extendedsgsilane ligand (4.2 nm), it is

(47) Cohen, S. R.; Naaman, R.; Sagiw.JPhys. Chenl986 90, 3054~
3056.
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Figure 4. AFM images of Gg and Gy self-assembled monolayers.
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Table 4. Film Thicknesses Determined by Ellipsometry, Contact Angle of Water, Surface Free Energy Parameters, and Polgritycbf C

Csz0 SAMs?
contact angle of water (deg)
thickness (nm) Oagv Orec y4(mJ/n¥) yP (mJ/n?) y (MJ/n?) xF
Ci1sSAM 2.82+0.04 109+ 1 97+ 1 26.23 0.01 26.24 0.0004
Cz0 SAMP 4.06+ 0.02 103+ 1 87+1 27.87 0.25 28.12 0.009
Cso SAM® 2.11+0.04 70+ 2 52+ 4 27.92 11.46 39.38 0.291

2 faqv, advancing contact angle of waték;., receding contact angle of wates, nonpolar componeny;?, polar componenty, total surface free
energy;y® = yPly, polarity.® Prepared using a trichlorosilanePrepared using a monochlorosilane.

reasonable that multilayers or clusters are formed. Although surface, the residual “monolayer” is somewhat incomplete. This
these clusters lead to some heterogeneity, they only amount tais also indicated by the surface coverage values and NMR data
2% of the surface area of thes@monolayer. In addition, the  for the porous materials, where the surface accessibility for long-
average diameter of these clusters is 150 nm, which is chain silanes might be more difficult. Interestingly, a very thin
considerably larger than the pore size of the porous materialsfilm (2.1 nm) is formed by reaction with the sg& monochlo-
(26—30 nm). From these two observations we would expect rosilane. Compared to a trichlorosilane, the reactivity of the
that cluster formation on porous silica, titania, and zirconia does monochlorosilane is lower and the reaction time was probably
not occur to a large extent. not long enough to allow complete monolayer formation. In
Ellipsometry is widely used to determine thicknesses of thin addition, the CH groups attached to the silicon atom prevent
films.48-51 the Go chains from close packing. This induces a higher chain
Table 4 contains ellipsometry data of 3sGSAM and two disorder and a smaller film thickness would be expected.
Cs0 SAMs that were prepared with a monochloro- and a  The water advancing contact angle of thg lm was 109
trichlorosilane. The thickness of ay££SAM amounts to 2.82 + 1° (Table 4), which is slightly lower than a value of 1#2
nm and corresponds to the theoretical value with fully extended 2° reported previously for this material before or after anneal-
Cigchains. The trichlorosilanesgSAM has a thickness of 4.05  ing.5! This result, together with the essentially zero value of
nm, slightly lower than the expected value of 4.25 fim. the surface free-energy polar componeif) (indicates that the
Ellipsometry provides an average thickness value, and if we formation of the Gg layer was mostly complete and that the
take into account that some multilayers are present on thefilm was highly hydrophobic. This interpretation is consistent
with AFM data showing a very uniform, smooth surface
(roughness<0.09 nm). The advancing contact angle of thg C
film prepared from trichlorosilane was slightly lower than that

(48) Semal, S.; Voue, M.; de Ruijter, M. J.; Dehuit, J.; Coninck].J.
Phys. Chem. B1999 103 4854-4861.
(49) Rye, R. R.; Nelson, G. C.; Dugger, M.0angmuir1997, 13, 2965~

2972. _ _ ) _ of the Gg SAM. However, the receding angle of this film was
40§520) Engquist, |.; Lestelius, M.; Liedberg, Bangmuir1997 13, 4003- substantially lower and the contact angle hysterehis € 0red

was greater compared to thggSGAM. Because receding contact

(51) Calistri-Yeh, M.; Kramer, E. J.; Sharma, R.; Zhao, W.; Rafailovich, ) o . ' ’
angle is sensitive to high-energy material (e.g., polar species)

M. H.; Sokolov, J.; Brock, J. DLangmuir1996 12, 2755.
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and the hysteresis is caused by both surface roughness and ~
chemical heterogeneity in a film, the results suggest that surface
coverage of the ¢ SAM was not uniform and/or incomplete.
This may be due to chain length distribution in the film or
clustering, as postulated earlier in the AFM section. Further,
since theyP value of this sample was very low, the effect of
chemical heterogeneity on the hysteresis and the fraction of
uncovered substrate surface in this film should be small. This
is consistent with the small fraction of clustering (2%), as
revealed by AFM images. The greater and more homogeneous B H;gn )
cover_a_ge of the {3 than the GOSA.M may be due to the greater Figure 5. Overlay of three 200-MHz Bloch decay line shapes to
reactivity of the former toward Sigxhan the latter, as reported jsirate fast partial averaging of the dipolar interactions ig SAM
by Bierbaum et af. on titania. The wide line with no central peaks is pressure-crystallized
On the other hand, the surface of thegGample prepared  polyethylene; this is the spectrum of a rigid, long-chain alkane lattice.
from monochlorosilane had a relatively low water contact angle, The line narrowest at the base with a small central glitch from an
high polarity, and high contact angle hysteresis, indicating the impurity is that of Ge, representing a rotator phase. The remaining
highly inhomogeneous nature of this sample surface. Comparing"ne with the strong central feature is that of they GAM on titania.
the total surface free energy)(value of this film with that of . .
the Gy SAM prepared from trichlorosilane ori€film reveals m|cro§econds or less gnd .that mqst, if nqt all, of th.e protons
that the good wettability of this sample was due solely to an paCrt|C|pate._The foregoing is consistent with deductions from
increase in the polar component. This result suggests that gl1- data. Itis hard to de_flne pre_msgly what the Im_e width is for
substantial surface area of this sample was not covered and that® Proad component in the fitania spectrum since one must

the uncovered hydroxylated SiQayer on the surface of the ghoose a baseline beneath the spinning centerb.and a}nd t'he
silicon wafer contributed to the low water contact angle and Sidebands. Nevertheless, the broad component line width is
high polarity of this sample. about 23-26 kHz, compared to 60 kHz for PC-PE, 53 kHz for

. . . Cas (not shown), and 23 kHz for the;@rotator phase. Another

_Solld-S_tate Proton NMR SpectroscopyAt this paint, we impf)rtant qual?tative point about Figure 5 lps that the broad
discuss, in a_rather qualitative way, s_everal proton NMR r_esults portion of the titania SAM spectrum has somewhat wider wings
tnhaar:];rye &irtégigtr;?rgg[)iﬁg/dgfrsctr?;glsngn%f gggsfggirggrézséun?than that of the & rotator protons although the central portion
LT . ) . of the titania SAM spectrum, which lies beneath the narrow
ity in the dens!ty of coverage. The latter issue is rele\_/ant 0 centerband and spinning sidebands, seems narrower than for
these. prepara§|ons since, at the 't|me. of SAM p.repgratllon, .the Cio. Therefore, while the average line widths of the titania SAM
chemical reaction _takes plac_e mainly in the labyrinthine interior spectrum and the G spectrum match pretty well, the details of
of the particles. It is not obvious that the supply of reactants or

. . : 4 ; the line shapes do not. In fact, the details suggest that some
the chemical environment is the same for reactions taking place P 99

th ¢ ¢  th ticl dtod “protons have more and some less mobility than ther@ator
near the outer surface of these particles as opposed to deep I@rotons. On this basis, we do not believe that therolecules
the interior of the particles.

in the titania SAM undergo rotation as relatively rigid molecules
In the following discussion, we note considerable heterogene- 55 is true of the ¢ molecules. The most obvious explanation
ity of mobility. We suggest that such heterogeneity is to be for a gradient of mobility is the tethering at one end of thg C
expected for reasons of (a) tethering of they @olecules at  gAM molecule.
one end Only, (b) a dIStI’IbUtIOI’] in alkane |engthS |n the reactant F|gure 6 ShOWS ||ne Shapes as a func“owpfor the S|||ca
mixture, and (c) possible variations in the overall density of g part A gives the full line shapes fof values of 0, 862,
the SAM layer from region to region. Obviously we cannot 2650, and 4500 Hz and part B shows only the centerband region
separate all of the above contributions and whatever we sayfor 7 v, values from 0 to 4500 Hz. First, the cusplike shape of
about m0b|l|ty must be scrutinized for contributions from any the nonspinning spectrum in Figure 6A again emphasizes that'
or all of the above sources of mobility. One of the motivations ip this sample, there is a wide distribution of line widths and
in performing the spin diffusion measurements was to determine mopilities. Second, the total intensity of the centerbands plus
that item c is not negligible. the spinning sidebands is a continuously increasing function of
BesidesT:%, a further measure of the mobility of the interior  »,; in Figure 6A, this summed intensity constitutes about 5, 18,
methylenes is the proton line width, which, for rigid alkanes and 33% of the total intensity far, values of 862, 2650, and
(or polyethylene crystalline regions) amounts to 60 kHz and 4500 Hz, respectively. Again, this behavior is more typical of
for Cy3to 53 kHz. In Figure 5, Bloch decay spectra at a MAS a continuous distribution of mobilities, rather two or three
frequencyy,, of 2650 Hz are overlaid for three samples, namely, populations, each with different, albeit uniform, mobilities.
the titaniaSAM, Gg, and pressure-crystallized polyethylene (PC- Third, the centerbands show nonsymmetric features (Figure 6B).
PE). Crystallinity exceeds 90% for the latter material. These There is an upfield shoulder at 0.9 ppm whose relative intensity,
spectra are normalized to approximately equal peak amplitudescompared to the centerband maximum at 1.3 ppm, weakens
for the broad components. Thedfepresents the rotator phase slowly as v, increases. Also, there is a downfield “lump”
and the PC-PE represents a rigid, long-chain-alkane lattice. Thecentered at-2.7 ppm. The intensity of this lump increases with
titania spectrum consists of a broader and a narrower componenty,. The chemical shifts of 1.3 and 0.9 ppm support the
the latter split into spinning sidebands, separated by the spinningassignment of these resonances, respectively, to methylene and
frequency. It is evident that the broader portion of the line shape to methyl protons. If this is the correct assignment, then the
of the titania protons is much narrower than that of PC-PE. significant relative intensity of the methyl peak suggests that,
Simply by inspection of the line widths of PC-PE and the titania on average, the untethered ends of the molecules show the most
SAM, one immediately surmises that significant, large-amplitude mobility. Such a finding is consistent with othéf{C NMR
motional averaging is taking place on a time scale of a few studies of shorter, tethered chains (monofunctional silanes) on

—
CigHao
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Figure 6. (A) Proton spectra, normalized to the same total intensity, of #eS8M on silica B as a function of magic angle spinning frequency

(Hz). Note the development and the increased intensity of the centerband plus sidebands. This behavior is more indicative of a smooth distribution
of dipolar couplings rather than a few discrete levels of dipolar coupling. (B) The centerband region only of the proton spectra corresponding to
(A). Note the shoulder at 0.9 ppm (the usual chemical shift for methyl protons) and the maximum at 1.3 ppm (the usual shift for interior methylene
protons). The downfield wing is not identified with thed@nonolayer. The strength of the 0.9 ppm shoulder suggests a preferential mobility at the

free end chains.

silica surface$? The 2.7 ppm component has a chemical shift adsorbed water or from hydrogen-bonded silanols. TiHeve

that does not correspond to any,@sonance. Two centerband observe is more consistent with in the presence of adsorbed
spectra (Supporting Information) were taken near the “null” water as opposed to hydrogen-bonded silanols. However, the
condition at delay times of 275 and 300 ms in an inversion observed lack of any polarization coupling to theg GAM
recovery sequence used for the measurement it 200 MHz. protons would, on a time scale of 1 s, be unexpected for
The methylene and methyl protons in this centerband have slightadsorbed water, unless there were uncovered silica surfaces to
differences in the times of their nulls. The protons in the broad which the water would be attracted so that these watere
portion of the line shape (not shown) also have a null that closely molecules would not spend much time in contact with thg C
coincides with those of the 1.3 and 0.9 ppm protons. On the SAM. In connection with the possibility of uncovered surfaces,
other hand, the protons at 2.7 ppm (Supporting Information) it is significant that the work of Bronnimann et al. identifies
are still a long way from their null since they exhibit polarization isolated silanols at the silica surface as having a relatively narrow
levels, relative to their Boltzmann-equilibrium polarization of multiple-pulse resonance at 1.7 ppm. The corresponding Bloch
—0.25 and—0.18, respectively, at 275 and 300 ms. In fact, a decay resonance in our spectra should also be narrow because
plot (not shown) of the fullT{" recovery shows that all the these protons were shown to have very weak dipolar couplings.
protons relax exponentially but with differey™’s, 580 ms These silanol sites should be used up when the SAM is formed.
for the 2.7 ppm protons and 408 30 ms for the collective =~ The absence of any identifiable narrow feature at 1.7 ppm in
broad and narrow components. Thus, the polarization of the our spectra, can be taken as an indication that there are negligible
protons at 2.7 ppm does not appear to be coupled at all, evenuncovered surfaces present in they SAM. Thus, while we

by spin diffusion, to the polarization of thesgprotons. This must speculate whether the 2.7 ppm resonance arises from
lack of polarization coupling suggests one of the following adsorbed water or from some protonated species internal to the
possibilities, i.e., that the 2.7 ppm protons are (a) mixed with silica structure, we will ignore this 2.7 ppm line in any further
the Gg SAM protons but are so highly mobile that they have discussion of the & SAM protons. Incidentally, while it is
almost no dipolar couplings to thes£SAM protons, (b) not difficult to see in the spectrum of Figure 5, the spectrum of the
mixed and in the interior of the silica structure, or (c) poorly titania SAM protons does not have any significant spectral
mixed and on surfaces that have very low to nonexistegt C feature at 2.7 ppm; the same can be said for the zirconia SAM
SAM coverage. While it is not critical to a discussion about spectrum.

the Go SAM molecules to identify these extraneous protons, it Finally, we discuss some spin diffusion experiments, mainly
would be relevant to our understanding of the extent of SAM with an objective of addressing qualitatively the question of
coverage if possibility ¢ were true. Possibility a is not likely the uniformity of SAM density in all regions of the sample.
because the intensity of the 2.7 ppm feature strongly dependsOne can select polarization on the basis of line width differences
onwy, suggesting nonnegligible dipolar couplings. On the basis and then examine the rate at which that polarization flows out
of proton multiple-pulse studigsof unmodified silica gel, the  to the other proton sites via spin diffusion. We chose, in
2.7 ppm chemical shift could conceivably arise from either somewnhat arbitrary fashion, to select polarization from narrower
: : resonances by applying a CafPurcell sequence 2= 50 us),
18é5i2) Sindorf, D. W.. Maciel, G. EJ. Am. Chem. S04.983 105 1848~ finally using the polarization at the third echo for an initial
(53) Bronnimann, C. E.; Zeigler, R. C.; Maciel, G..EE.Am. Chem. Soc.  condition in these spin diffusion experiments. We also chose
1988 110, 2023-2026. vr to be 2650 Hz and obviously this choice has significant
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spatially sharp at the domain boundaries, and (c) each domain
has a uniform spin diffusion constant. Usually, these initial
slopes give way, at longer times, to nonlinearity and a slower,
monotonic approach to the polarization characteristic of internal
spin equilibrium?* Note that the spin diffusion spectra are of
rather low intensity, being only -510% of the Boltzmann
intensities. Adjustments fof,", assuming a unifornT," for

each component, have been made in all the data of Figure 8.
The constancy of the total integrals gives good evidence that
these corrections are reasonable approximations. In a system
with potential inhomogeneities of coverage, the uniformity of
T:" is not a foregone conclusion. If internal spin equilibrium is
reached within the longest spin diffusion time, then the relative
polarizations of all of the components should converge to the
value of the relative integral. There is significant movement in

JJ that direction, but internal equilibrium is not achieved, even
v for tsg near 300 ms. When the relevant length scale for the
[ 1 | — L. - J . .
EaT . ~zoisé chemical components of a system is at most 4 nm and when,

Figure 7. Proton spectraf = 2650 Hz) associated with the initial ~ ON @ time scale of 300 ms, internal spin equilibrium is not
polarization selected by the spiecho preparation in the spin diffusion ~ achieved, one is reasonably confident that there is spatial
measurements on the silica B sample. Bottom: spin diffusion spectrum inhomogeneity of average mobility over distances that far exceed
after a short delayt{s = 0.1 ms). Middle: Boltzmann equilibrium  the molecular length. But there are a few considerations, which
spectrum. Inset: centerband region of lower spectrum with a 0.25 help to clarify this statement.

vertical scaling factor. Note the near-complete absence of the broad a5 \was mentioned earlier, the shape of the narrowest

component in the spin diffusion spectrum as well as a nontrivial . .
attenuation of the sideband intensities. The centerband is attenuated tocomponent of the centerband gives evidence that the methyl

a lesser degree than the sidebands; therefore, contributions to theorotons. are, ?]n average, more mOb”ﬁ thzn fthe me;[hyfleﬂe
centerband are separated into categories called “narrow” and “very protons; i.e., the SUQQGS“O“ IS St_rong that t € Iree end O the
narrow”. Cso SAM molecule is most mobile. Hence, if we expect a

mobility gradient to exist from the tethered end to the free end

implications both for the amount of polarization that is Inltla”y of each mo|ecu|e’ then it is important’ in the interpretation of
obtained (see Figure 6) and most likely for the rate of spin the spin diffusion data, to recognize the tint&, over which
diffusion, especially the rates involving the most mobile protons. polarization could be transported through the thickness of a

In Figure 7, we show the proton line shapes for the vacuum- monolayer. We can make an estimate of the upper limit*for
dried silica B Go SAM along with one spin diffusion spectrum  if we assume the following: (a) the maximum layer thickness
taken after a short spin diffusion timgg, of 0.1 ms. Included is the thickness of an all-transzg£segment £3.8 nm long,
in Figure 7 is an inset showing the centerband region only assuming a projection along the chain axis of 0.127 nm/carbon),
(x0.25 vertical scaling) for the latter spin diffusion line shape. (p) the spin diffusion constanB, is 0.4 nn¥/ms (sinceD for a
The desired elimination of the broad component in this rigid alkane lattice is expected to be0.8 nn#/ms55 the
preparation is accomplished quite well. However, upon compar- reduction by half is related to the line width for the,GAM
ing the shape of the centerbands in the two spectra of Figure 7,which is, according to Figure 4, about half that of a rigid alkane),
one finds (not shown), that the centerband has changed shapgnd (c) the relationship between tinteand the mean square

in a way that suggests that there is a “very narrow”, minority, distance 320 that polarization will travel in a timet, is%®
high-resolution contribution to the centerband (where the 1.3

ppm and the 0.9 ppm peak_s are clearly visible, put b){ no me?ns 2= 4D/3 @)

fully resolved) and a majority, lower resolution, “narrow

contribution having its peak at 1.3 ppm. The latter contribution

is more attenuated by the preparation. The latter contribution

accounts also for most of the spinning sideband intensity

provided that the sideband intensity associated with the 2.7 ppm

shoulder is ignored. Thus, on the basis of the different responses . S .

both to theT," preparation and subsequently during the spin an approximate upper l.'m't for of 27 ms. We.call.thls an
upper limit ont* since refinements to the approximations made

diffusion period, we separate the responses of the “narrow” anOIin estimatingt* all result in a reduction in*. These refinements
“very narrow” components of the centerband in the spin g .

diffusion plots include the following: (a) It is possible that more than just the

Figure 8 sHows plots of the relative polarization levels term]nal protons are'mobne (there may be a thicker layer (.)f
referenced to the respective Boltzmann equilibrium levels, as amOb'l.e pr'otons, leaving a thinner layer to penetrate by spin
function of ¢sg)'/2 for the various spectral components that are d|ffus_|on), (b) the layer thickness may be ”.‘Od'f'ed both by_ the
associated vsvith the 45 SAM protons in the silica B and the relaxing of the all-trans character of the chains and by any tilting

titania samples, respectively. The approximate intensity fractions ?r:ethiﬁw Cgﬁl,::t V(\;I\%nrte ?gf? ;[r? tdr}f?uil{l:;a?s Phoerm?f;;";?ilgﬁ (gf)
of the various components are given in the figure captions. Also P P propag

plotted in these figures is the relative total intensity of each — (54) crank, JThe Mathematics of DiffusiorOxford University Press:
spin diffusion spectrum, referenced to the Boltzmann equilib- London, 1956.

rium total intensity. Plotting spin diffusion data against the 195(9565)7\/22?2%“""”' D. L.; McFadden, G. Bolid State Nucl. Magn. Reson.

square root of Fime produces.lir.l.ear initial.slo.pes when (a) well- ~(56) Havens, J. R.; Vanderhart, D. Macromolecule4985 18, 1663
defined domains exist, (b) initial polarization gradients are 1676.

Strictly speaking, eq 2 describes the relationship betwzn
andt only for those values oi%?(ithat are less than the square
of the domain thickness for either the mobile or the more rigid
domains. Nevertheless, substitution@®t(1= (3.8 nm¥ gives
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Figure 8. (A) Spin diffusion data for the ¢ SAM protons of silica B following the polarization preparation illustrated in Figure 7. The ordinate

is the ratio of the polarization of a given component during the spin diffusion experiment, relative to the Boltzmann equilibrium polarization. We
associate the initial, faster decay of the “narrow” component with the movement of polarization through the thickness dimension of the monolayer.
The fractions of the total £ SAM proton population represented by each component are approximately 3 (very narrow), 13 (narrow), and 84%
(broad). (B) Spin diffusion data, as in (A), for theCSAM protons on titania. Note the smaller total integral, relative to (A), owing to the denser
packing of the SAM on titania relative to the silica B. The fractions of the totalSAAM proton population represented by each component are
approximately 1 (very narrow), 6 (narrow), and 93% (broad). (C) Semilogarithmic plot, combining the spin diffusion data for the “very narrow”
and the “broad” components from (A) and (B). Linearity in this plot would support the hypothesis that the “very narrow” protons are both weakly
and uniformly coupled to surrounding protons, which protons, in turn, would experience much stronger spin diffusion with the remaining protons.
The data are not linear, hence, the alternative, namely, that there is heterogeneity of packing density, is supported.

polarization along the chain, between vicinal pairs of protons. distribution of the “broad” and the “narrow” protons is not the
A significant portion of the dipolar coupling is between the same even on the 12-nm distance scale. In contrast to the
geminal pairs of protons in each methylene group, and if rotation “narrow” protons, the polarization of the “very narrow” protons
of the chains is the primary type of motion occurring, it will decreases at a much slower pace. Again, on the 300-ms time
diminish the geminal couplings more than the vicinal couplings. scale, equilibrium is not achieved. A very important perspective
Hence,D may change more slowly than does the line width for the data of Figure 8 comes from recognizing the relative
with the result thaD for rapidly rotating chains may be closer amounts of the “narrow” and the “very narrow” protons. At
to 0.5 or 0.6 nr¥ms, rather than 0.4 nfms. Incidentally, the 2650 Hz= v,, our line shape analysis indicates that the “very
distance scale, corresponding to the 300 ms of spin diffusion narrow” protons make up only1% (titania SAM) and 3%
data, is 12.6 nm wheB = 0.4 nn#¥/ms. (silica B SAM) of the total SAM protons while the “narrow”
Both panels A and B in Figure 8 have similar characteristics. protons constitute about 6 and 13%, respectively. These relative
The polarization of the protons called “narrow” moves quickly, amounts and the fact that the “very narrow” protons undergo a
within ~9 ms of spin diffusion, toward the polarization of the larger change in polarization than do the “narrow” protons
“broad” protons; the latter representing the majority of the implies that the growth of the “broad” proton polarization with
protons in the go SAM layer. The polarizations of these two tsgcan be traced to substantial spin diffusion contributions from
components do not become equal, indicating that the spatialboth the “narrow” and the “very narrow” protons.
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In panels A and B of Figure 8, we interpret the 9-ms time protons in the “broad” versus the “narrow” categories varies,
scale, mentioned in the preceding paragraph, to be the time scalé.e., when there is greater or lesser average mobility over these
during which polarization, initially located in the mobile dimensions. That is the qualitative model we are suggesting. It
elevations of a layer, moves through the thickness of the layer follows that there might well be domains on the scale of at least
toward the substrate surface. Clearly, 9 ms is not the 27 ms we20 nm that lack any “very narrow” protons.
had estimated fot*; however, since that was an upper limit, To summarize the proton results, thegGAM line shapes
the 9 ms is not beyond possibility. Note that these “narrow” show extensive motional averaging to give a line width similar
protons are the major contributors to the centerband and spinningto that of the Gg rotator phase. A greater heterogeneity of
sidebands. So the picture that emerges is that, at2650 Hz, mobility, relative to the mobility of G, is present in the &
four to eight methylene protons, on average, near the free endsSAMs; hence, the rotator-phase model for the SAMs is too
of each Go chain will contribute to the “narrow” component  simplistic and is only supported in the most qualitative sense.
and over the first, say, 20 ms of spin diffusion, polarization As to the uniformity of the density of chain packing in the
equilibrates throughout the thickness of most layers. SAMs, spin diffusion experiments indicate that there is con-

Interpretation of the spin diffusion behavior of the “very siderable variation in the average mobility and, by implication,
narrow” proton polarization is more complicated. (The high in packing density, on a scale of at least 20 nm.
mobility of these protons suggests that their attadf€chuclei The fast overall motions of the chains are probably important
are probably responsible for some of the narrowest contributionsto the functioning of these SAMs as shape-selective surfaces
to the methyl andr-methylene carbon resonances.) Since these for chemical separation. It is less clear what the role of hetero-
protons are so mobile, we must entertain the possibility that geneity in packing density is and how that relates to chromato-
the dipolar coupling of these protons to other protons is so weak graphic separation. One might surmise that if heterogeneity in
that the rate-limiting step in spin equilibration is polarization packing density arose mainly because of the nonidealities of
exchange between a “very narrow” proton and a “broad” (or carrying out a reaction in labyrinthine internal pores, each part-
even a “narrow”) proton. To test the foregoing hypothesis, we icle might contain similar distributions of packing density and
set up a very crude model in which we suppose that (a) the mobility. If this were so, then one’s ability to tailor selectivity
polarization exchange ratB,, describing polarization exchange might be compromised; however, one would not necessarily
between a “very narrow” and a “broad” proton were uniform see evidence of the heterogeneity in terms of broader elution
for all “very narrow” protons and (b) spin diffusion over times, peaks. At the same time, if heterogeneous coverage is related
1/Ry, is extensive enough to equilibrate polarization among the to the path length of the pore from the nearest entry point on
“broad” protons. We further assume that the following equation the particle, then variations in particle size could conceivably
applies: lead to broader elution peaks. In other words, one might sharpen

elution peaks by making particle size more homogeneous despite
dPy\/dtsg= —R(Pyy — Pg) 3) heterogeneous SAM density in the particle interior.

Liquid Chromatography Studies. To assess shape selectiv-
wherePyy and Pg are, respectively, the polarizations of the ity properties of reversed-phase LC columns, it is useful to
“very narrow” and the “broad” protons after these polarizations gyajyate the selectivity coefficient for tetrabenzonaphthalene
have been corrected fof," effects. Using the further ap-  (TBN) and benzaf]pyrene (BaP). These solutes are included
proximation thaPs is a constant and not the weak function of i, SRM 8694, a three-component column selectivity test mixture

tsathat it is, eq 3 can be integrated to give the equation that was designed to classify commerciak €olumns for the
B o P separation of PAHS&758 Significant differences have been
[Pun(ted — Pe(tedl[Pun(tea = 0) = Pe(ty=0)] = reported inoiren/sap Values determined among monomeric and
exp(-Rts) (4) polymeric Gg phase$2 For monomeric G columnsoreneap

values are greater than 1.7, and for polymerig @hases

In Figure 8C, the quantityHyn(ts) — Ps(tsd], taken from the aren/Bar IS less than 1.0. SRM 869a was separated on the C
data of Figure 8A and B, is plotted versiygin a semilog plot. ~ self-assembled monolayer columns in order to assess the
Itis clear that eq 4 isiotobeyed; i.e., this plot is definitely not  polymeric nature of the phase and to evaluate the efficiency of
linear, not even in the interval from 15 to 300 ms where the the new materials.
changes irPg(tsg) are very minor. Thus, we conclude that the Table 2 summarizesrensap Values, plate number$lj, and
model of uniform, very slow polarization exchange rates asymmetry factorsA). Column efficiencies for the various;&
involving the “very narrow” protons does not apply. phases are much lower than for monomerig hases, and

The foregoing result, taken together with the fact that the peak asymmetries for TBN range from 1.3 to 1.7. Reduced
“narrow” and the “broad” proton polarizations do not fully efficiency and peak asymmetry has been reported for densely
equilibrate on the 300-ms time scale, suggests that there isponded phases resulting from the self-assembled monolayer
heterogeneity in the density of coverage over dimensions of at synthesi$2 Mass-transfer kinetics may also be affected by the
least 20 nm, a distance about twice the spin diffusion distance |ong alkyl chains. Enhanced shape selectivity properties are
corresponding tdss = 300 ms. We use the factor of 2 by indicated for the G phases by thetrsnsap values, which are
assuming that any domain would be surrounded on at least twojess than 0.7 and representative of polymeric-like surface
sides by domains of contrasting mobility. Recall that a large modification. A similar selectivity coefficieniofengap = 0.6)
portion of the changes (Figure 8A and B) in the “narrow” proton \yas also found by Ellwanger et al. for polymerigs@odified
polarization has been assigned to spin equilibration with “broad” Ti0,.29 The agneap Values determined for the s& SAMs
proton polarization via spin diffusion along the thickness correlate well with the trans/trans-gauche ratio determined by

dimension of the SAM. Then it is perhaps not so clear why the 13C sglid-state NMR measurements (Figure 1). The largest
“narrow” and the “broad” polarizations do not fully equilibrate

i ati ; ; (57) Sander, L. C.; Wise, S. A.C-GC 199Q 8, 378-390.
to the same average polarization since the associated protons (58) Sander. L. C.. Wise, S. AGertificate of Analysis, Standard

share the same molecule. Incomplete equilibration can happengeference Material 869, Column Seleitfi Test Mixture NIST: Gaith-
when, over domains exceeding 20 nm, the fraction @§ C ersburg, MD, 1990.
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Figure 9. Separations of-carotene and zeaxanthin isomers o €&lf-assembled monolayers.

selectivity factor {trensap = 0.64) was observed for the silica

the NMR results on alkyl chain order are also indicative of

A C3p material. This stationary phase possesses the highesttolumn selectivity towargs-carotene isomers. This confirms
fraction of gauche conformations and therefore has the lowestthe findings of Lesellier et al., who compared a series gf C

shape selectivity properties among all the columns. Similar
correlations can be made for the other materials.
Carotenoids are nutrients found naturally in a variety of

phases with regard to selectivity for SRM 869 and carotenoid
isomers>® Although selectivities between 9-cis and trans
p-carotene could not be determined for most of the investigated

sources. This class of compounds is receiving increasing C;gcolumns because these isomers were not resolved, a similar

attention due to their antioxidant properties and their role in
vitamin A activity, as well as possible health benefits in cancer
prevention and therapy. Carotenoids occur in many fruits, in

trend is found. Loweirgn/sap Values correspond with better
separation ofs-carotene isomers.
The higher chain order (hence, the enhanced shape selectivity)

vegetables, and in animal tissue. Due to the polyene systemfor the titania and zirconia SAMs can probably be attributed to
many geometric isomers are formed under influence of light, the more ordered, crystal-like character of these inorganic
heat, or oxygen. Because the biological activity varies among supports compared to the rather amorphous nature of silica.
the isomers, it is therefore important to separate the individual SAM formation should be facilitated on more homogeneous,

isomers. It has been shown that thgy €ystem is superior to
Cig phases for separating carotenoid isonfegeparations of
pB-carotene and zeaxanthin isomers on the elf-assembled
monolayers are illustrated in Figure 9; for separations of
tocopherols see Supporting Information.

Selectivity differences can be observed among the four
columns forg-carotene isomers. Complete separation of 13-
cis, trans, and 9-cis isomers was achieved with thegpBases
on silica B, titania, and zirconia. In contrast, poor separation of
these isomers resulted from thgg®onded silica A, which has
a lower alkyl chain order (Figure 1). The best selectivity toward
the -carotene isomers is exhibited by the titania and zirconia
Cso phases. This can be seen in the highglcsiransvalue on
the titania and zirconiafgphases (see Supporting Information).
The information provided by SRM 869 on shape selectivity and

flat surfaces with more regular arrays of binding sites.

For zeaxanthin isomers (Figure 9) shape selectivity alone
cannot account for the observed retention behavior. All four
columns separate the three isomers (9-cis, trans, 13-cis) well;
however, the highestyisiransvalues are found for zirconia-
and titania-based 45 phases (see Supporting Information).
Remarkably, the lowest coveregdphase (silica A) gives the
same separation results as thg @aterial on silica B (higher
alkyl chain order). It appears that, for these polar isomers,
surface hydroxyl group activity plays a more important role than
chain ordef? The influence of surface silanols for separations
of polar carotenoids has been observed between end-capped and
non-end-capped 4g phases.

(59) Lesellier, E.; Tchapla, A.; Krstulovic, A. Ml. Chromatogr1993
645 29-39.
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Conclusions alkyl chain order. For polar solutes such as tocopherols and

Cso self-assembled monolayers have been prepared on threé(athphy”S’ c_hain Ofde.f is not the _major criterion for the
inorganic oxides: silica, titania, and zirconia. Solid-state NMR observgq retentloq pghawor. Pue. to thelr'hlghgr molecular shape
spectroscopy revealed considerable differences in average Chaiﬁecogmtlon cap_abllmes, the t|ta_1n|a and_z_lrcoma reverse_d-phase
order from sample to sample. Also, there was heterogeneity of materlals_ provide an alternative to silica for separations of
chain order within each of the samples; i.e., the density of carotenoids.
coverage is not uniform. Certain correspondences between NMR
data from the G rotator phase and the more ordered regions  Acknowledgment. We are thankful to Bischoff Chroma-
of the Gy SAMs, suggest that diffusional chain rotation may tography GmbH (Leonberg, Germany), Merck KGaA (Darm-
capture at least an important facet of the motion in the more stadt, Germany), Sachtleben AG (Duisburg, Germany), and
ordered Go regions. While diffusional rotation is not particularly ~ ZirChrom Separations Inc. (Anoka, MN) for the donation of
consistent with a mobility gradient along the chain axis, it is the base materials. M.P. thanks the Alexander-von-Humboldt
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conformations. The fact that the reactant molecules, which form
these Gp phases, consist of chains with a distribution of chain
lengths adds complexity to the interpretation of the data. No
doubt, this distribution also adds texture to the surface of the
Cso phase as shown by AFM images. LC data from separations
of shape-selective compounds are in agreement with the NMR
results. Molecular shape recognition in separations of PAHs and
nonpolar carotenoid isomers correlates well with the data on JA993705D
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