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Abstract: The monomer-to-micelle transition of dihexanoylphosphatidylcholine has been studied by '*C NMR and Raman
spectroscopy. Lipid '*C chemical shifts in a variety of solvents indicate that micellization chemical shift differences for many
carbons can be successfully modeled as a simple transfer from a strong hydrogen bond donating solvent (methanol, CHCl;)
to a hydrogen bond donor deficient/acceptor solvent (CCl,, THF, dioxane). This solvent transfer model fails to predict the
micellization shift trends at three points in the lipid molecule: the acyl chain peaks, the carbonyls, and the glyceryl backbone
methine carbon. The temperature dependence of the phospholipid '*C chemical shifts suggests that the acyl chain micellization
shifts are due to conformational changes through the v effect. This implies a 5% or 7% increase in Py, the probability of a
trans conformer in the acyl chain, for micellar vs. monomer lipid. A comparison of the micellization shifts of acyl chain carbons
in dihexanoylphosphatidylcholine and its ether-linked analogue rac-dihexylphosphatidylcholine suggests similar small ordering
effects in both micelles. Solvent transfer and the v effect cannot account for the *C micellization chemical shifts of the carbonyl
and glyceryl backbone methine carbons. Therefore, a possible source of these shift discrepancies is a conformational change
in the glyceryl backbone between monomer and micelle. Two regions of the Raman spectrum of dihexanoyl-PC micelles, namely
the C-H and C—C stretching regions, are used to obtain independent structural information about the acyl chains. Data from
the C-H stretching regions suggest that lateral interactions between the chains in the micelle are disrupted compared to ordered
forms that occur at low temperature, thereby leading to reduced intensity for spectral features which depend on interchain
interaction for their intensity. In addition, both the C—H and C—C stretching regions indicate the existence of substantial
disorder in the hydrocarbon chain conformation. Comparison of the monomer and micelle spectra suggests that a slight increase
in chain order may occur upon micelle formation. Thus, both techniques are consistent with the following changes in short-chain
lecithin molecules upon micellization: the acyl chains become very slightly ordered and are in a less polar environment; at
most only minor conformational changes occur in the glycerol backbone. This view of the monomer-to-micelle transition is

discussed in relation to the interfacial activation of soluble phospholipases.

The synthetic short-chain lecithin dihexanoyl-PC? is an in-
teresting substrate for a variety of phospholipases.® This dou-
ble-chain amphiphile has a moderately high cme (14 mM), and
is a relatively poor substrate below this concentration.* Upon
micellization, the enzymatic hydrolysis increases dramatically.
Previous '*C NMR studies have demonstrated changes in the lipid
molecule such that differences in sn-1 and sn-2 acyl chains are
accentuated in the micelle.® In order to assess possible lecithin
conformational changes in relation to interfacial activation of
phospholipases, we have obtained '*C NMR spectra of aqueous
dihexanoyl-PC as a function of lecithin concentration. Because
all carbons are resolved, information is gained for all sections of
the molecule. The acyl chain '*C resonances shift downfield upon
aggregation with a maximum of 0.6 ppm for the y-methylene
carbon. Carbonyl resonances move upfield more than 3 ppm upon
micellization. Glycerol backbone resonances move upfield or
downfield, and head-group resonances show little sensitivity to
the transition.

Before detailed and useful information can be extracted from
13C shift data, the relative contributions from solvent effects,®
conformational effects,” electric field effects,® and a variety of other
possible shift mechanisms must be determined. This can be done
by examining the effects of a variety of solvents and temperature
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on 3C chemical shifts of the lecithin.

By studying the monomer/micelle transition of this phospholipid
with another technique with different sensitivities to factors such
as solvent and conformation we can generate a self-consistent
picture of the differences in conformation and motion between
monomeric and micellar lipid. Raman spectroscopy is the ap-
propriate complement to NMR because chain vibrations are
sensitive to conformation and order and less sensitive to solvent
changes.

In the present study, the Raman and '*C chemical shift tem-
perature dependences of lipids and model compounds demonstrate
that the lipid chains remain remarkably fluid in the micelle,
although minor chain constraints occur near the ester groups.
Micellization decreases solvent polarity for head-group and
backbone atoms and chain terminal methyl groups. A confor-
mational change in the region of the glyceryl methine may also
occur. This view of the monomer/micelle transition is useful in
interpreting the interfacial activation of soluble phospholipases.

Experimental Section

Dihexanoyl-PC and dibutyryl-PC were obtained from Calbiochem.
Dioctanoyl-PC was synthesized as described previously.® Phospholipid
purity was monitored by thin-layer chromatography.® Model compounds
were the best grade commercially available. rac-Dihexyl-PC was syn-
thesized by Mr. Jonathan Friedman, M.L.T.*

13C NMR spectra were obtained at 67.9 MHz with a Bruker 270
spectrometer. Samples contained 3—-124 mM Lecithin in 10 mM po-
tassium phosphate, 1| mM EDTA, in D,O, pD 7.4, Chemical shifts in
aqueous solutions are referenced with respect to [2-13C]acetate (Kor
Isotopes). Unless otherwise indicated, spectra were obtained at 30° C.
Phosphate analyses were done for each spectrum to insure an accurate
micellization curve based on lecithin concentration.!® Specific details
for referencing solvent and temperature 3C chemical shift studies are
given in the Results section.

(9) Burns, R. A,, Jr,; Friedman, J. M.; Roberts, M. F. Biochemistry 1981,
20, 5945.
(10) Eaton, B. R.; Dennis, E. A, Arch. Biochem. Biophys. 1976, 176, 604.
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Table I. *C NMR Chemical Shifts (ppm from internal
[2-13C] Acetate) for Monomeric and Micellar Dihexanoyl-PC
and Micellization Shifts for rac-Dihexyl-PC

dihexanoyl-PC

dihexyl-PC
carbon § § _____y__
atom monomer micelle a® ab

hegd group
N(CH,), 30.73 30.73 0.00 0.02

CH,N 4275 4275 0.00 -0.02
CH.OP 36.24 3616 —-0.08 —0.06
backbone
CH,OP 40.62 4039 -023  —0.08
CHO 47.54 4733 -0.21  0.65
CH,0 3935  39.68 033 —0.02
alkyl
Lnl) 154,65 _389 .
(Gl 13465 15076 3% -019,10
2 (sn-1) 1049  10.55  0.06
(sn-2) 1068  10.64 004 056,83
3 (sn-1) 1.01 0.24
(sn-2) 0.77 112 o035  068.59
4 (sn-1) 782 0.61
(sn-2) 721 68 047 092
5 -163 -1.18 045  0.50
6 ~10.06 =977 029  0.42

¢ Micellization shifts determined as described in Results,
b Micellization shifts from ref 9; the cmc of this lipid is 8 mM.
¢ The first peak in each pair is the most downfield peak;sn-1/
sn-2 identifications have not been unambiguously determined
for this ether-linked lipid.

The Raman apparatus consists of a Jarrell-Ash */,-m double mono-
chromator, Spectra-Physics Model 164 Ar* laser, and RCA C31034
photomultiplier. Photon counting detection is accomplished with a Spex
Industries DPC-2 counter. The output from the photon counter is fed
into a Spex Industries “Scamp” minicomputer, which controls the data
acquisition and reduction. Typical spectral conditions used were: ex-
citation frequency 5145 A; Laser power 300 mW; residence time 0.5
s/cm™; number of scans 5-10; resolution 6 cm; frequencies calibrated
using atomic emission lines from a Neon lamp. Frequency accuracy is
estimated at =1-2 cm™ for sharp features.

Results

13C Chemical Shifts of Monomer/Micelle Dihexanoyl-PC and
rac-Dihexyl-PC. Representative curves showing the behavior of
13C chemical shifts as a function of lecithin concentration are
shown in Figure 1. For each carbon in the molecule the monomer
13C chemical shift was determined by averaging the nearly constant
values below the cmc (Table I). The micellar shifts in Table I
were obtained from a linear least-squares fit of inverse chemical
shift vs, lipid concentration as described elsewhere.!! These fits
used =9 points and had coefficients of determination >0.98. By
using these limiting shifts, the seven peaks showing the largest
monomer /micelle shift change (excluding the carbonyls) were fit
to an equilibrium constant model for micellization.!2

Kq = (Xp)'/"/ (X))

In this equation, X,, is the concentration of micelles, X is the
monomer concentration, and » is the number of monomers per
micelle. The value n = 32 was used in this calculation, in
agreement with light-scattering studies of the dihexanoyl-PC
micelles.!* A value of AGy, = —-RT In K,y = 2.6 (0.1)
kcal/mol (per mole of monomer) was obtained. A cmc of ap-
proximately 14 mM was obtained from this analysis in good

(11) Persson, B.-O.; Drakenberg, T.; Lindman, B. J. Phys. Chem. 1976,
80, 2124,

(12) Tanford, C. “The Hydrophobic Effect”, 2nd ed.; Wiley-Interscience:
New York, 1980; p 63.

(13) (a) Tausk, R. J. M,; Karmiggelt, J.; Oudshoorn, C.; Overbeek, J. Th.
G. Biophys. Chem. 1974, 1, 175. (b) Quasielastic light-scattering studies of
the dihexanoyl-PC micelles indicate no significant changes in micelle size
within the concentration range of this study (Missel, P.; Burns, R. A, Jr.;
Roberts, M. F.; Benedek, G. B., unpublished results).
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Figure 1. 3C chemical shifts (ppm from [2-1*C]acetate) of selected
carbons of dihexanoyl-PC as a function of lecithin concentration: (A)
glyceryl CHO; (B) glyceryl CH,0; (C) acyl chain v-CH, group.

agreement with results from other studies.!*!> These parameters
were used to calculate the titration curves shown in Figure 1. No
evidence is seen for more than one micelle transition as was
suggested by Allgyer and Wells.16

13C spectra of the acyl chain region for monomeric and micellar
dihexanoyl-PC are shown in Figure 2. The acyl chain carbon
atoms shift downfield upon micellization, although carbon number

(14) Hershberg, R. D.; Reed, G. H.; Slotboom, A. J.; DeHaas, G. H.
Biochim. Biophys. Acta 1976, 424, 73.

(15) Schmidt, C. F.; Barenholz, Y.; Huang, C.; Thompson, T. E. Bio-
chemistry 1977, 16, 3948.

(16) Allgyer, T. T.; Wells, M. A. Biochemistry 1979, 18, 4354.
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Figure 2. 3C NMR spectra of the acyl chain region of (A) monomeric

(4 mM) and (B) micellar (57 mM) dihexanoyl-PC. Peak identifications
are shown.
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Table II. Solvent Effects of **C NMR Chemical Shifts
of Dihexanoyl-PC

IIT well-behaved
Tavabsolute 1 8onpojar— Snonpolar —

carbon solvent diff,®  &po1ar, 8 polar®
atom ppm ppm ppm

head group

N(CH,), 0.3(0.2)¢ -0.2(0.3) 0.01 (0.07)

CH,N 0.3 (0.3) 0.2 (0.5) 0.12 (0.33)

CH,OP 0.3 (0.2) -0.1(0.3) -0.12 (0.18)
backbone

CH,OP 0.5 (0.3) -0.7 (0.2) —-0.45(0.16)

CHO 0.4 (0.3) 0.6 (0.1) 0.34 (0.08)

CH,0 0.4 (0.3) 0.6 (0.3) 0.46 (0.16)
carbonyl 0.4 (0.3) -0.8(0.2) -0.53 (0.14)
alkyl chains

2 0.2 (0.1) 0.0 (0.2) 0.10 (0.07)

3 0.1 0.1) 0.0 (0.1) 0.04 (0.06)

4 0.1 (0.1) 0.1 (0.1) 0.06 (0.04)

5 0.1 (0.1) 0.15 (0.1) 0.08 (0.06)

6 0.3 (0.2) 0.4 (0.3) 0.37 (0.11)

% The average absolute value for all possible solvent differences
generated with a ten-solvent data base, A subset of the entire
data base using 11 solvent pairs which generate the largest carbonyl
shifts in a polar-to-nonpolar transition. € Based on solvent pairs
of CH,0H, CCl,, THF, dioxane, DMF, and benzene (i.e., ex-
cluding CHCl,, CH,Cl,, CH,CN, and pyridine). ¢ Numbers in
parentheses indicate standard deviations.

2 in both chains is relatively insensitive to the transition. The
micellization shifts as a function of chain carbon atom are shown
in Figure 3A. The largest change observed in the acyl chains
is the 0.61 ppm downfield shift for carbon number 4 in the sn-1
chain. The glyceryl backbone CH,O for the sn-1 chain shows
a significant downfield shift, while the remaining two carbon atoms
in the backbone show significant upfield changes in shift upon
micellization. Head-group carbon atoms show little or no sen-
sitivity to the monomer /micelle transition. The carbonyl chemical
shifts show extremely large upfield shifts upon micellization, as
noted previously,'* although the changes observed in this study
are 1.5 to 2 times larger than in the earlier study. This difference
probably reflects the fact that the carbonyl shift is pH dependent,
and solutions not adequately buffered can give erroneous limiting
shifts.

Chemical shift differences for the monomer/micelle transition
of dihexyl-PC show slightly different characteristics from those
of dihexanoyl-PC. The most prominent differences lie within three
chemical bonds of the carbonyl/methylene substitution site, the
backbone CHO, and acyl chain carbons | and 2 and to a lesser
extent 3. These differences could be based on conformational
characteristics or shift mechanisms determined by the presence
(or absence) of the carbonyl moiety. Interestingly, the proximity
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Figure 3. Changes in '*C chemical shift behavior of short-chain lecithin
acyl chains as a function of carbon number. (A) Micellization shifts for
dihexanoyl-PC: (@) denotes sn-2 carbon atoms, (O) denotes sn-1 carbon
atoms, (@) denotes carbon atoms where the two chains are magnetically
equivalent. (B) Relative temperature shifts for dihexanoyl-PC (circles)
and dioctanoyl-PC (squares): open symbols denote sn-1 carbons, filled
symbols denote sn-2 carbon atoms, and half-filled symbols denote non-
differentiated chain positions. Typical uncertainties are shown. (C) The
average absolute solvent chemical shift difference (as defined in the text)
for acyl chain carbons of dihexanoyl-PC; bars indicate standard devia-
tions for each position.

of these sites to the carbonyl are appropriate for carbonyl-gen-
erated electric-field effects at saturated carbon centers.®® Mi-
cellization shifts for carbons 4-6 are very similar in both com-
pounds, although they are consistently larger for the ether-linked
compound.

Solvent Effects on 3C Chemical Shifts. Dihexanoyl-PC 13C
chemical shifts were examined in ten different solvents with Me,Si
as the internal standard. Shift changes between lipid and Me,Si
contain chemical shielding changes for carbon atoms in both
molecules. The Me,Si chemical shift depends on the solvent.s®
Therefore, all dihexanoyl-PC shifts are corrected for the reported
solvent dependence of Me,Si. Using the ten-solvent data base,
we can generate the average absolute value for all possible solvent
differences (Table IT). This is shown for acyl chain carbons in
Figure 3C. These data indicate the relative sensitivity of lecithin
carbons to solvent effects: backbone, head-group, carbonyl, and
terminal methyl peaks have a larger solvent variability than acyl
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chain methylene resonances. Within the acyl chain, the terminal
methyl and a-methylene carbons are more solvent dependent than
chain carbons 3-5.

Column 2 of Table II shows the average shift changes for 11
of the 45 possible solvent pairs which generate the largest carbonyl
solvent difference shift changes. These shift differences are av-
eraged as Sonpotar — Gpotars 10 COTTESpond to e — Oep. These solvent
pairs predict the characteristics of the monomer/micelle transition
moderately well. However, within this set of solvent differences,
two subsets of solvent-transfer characteristics are found. Shift
data in CHCI;, CH,Cl,, acetonitrile, or pyridine show a large
solvent transfer chemical shift difference at the choline methyl,
and a chemical shift gradient becoming more positive down the
acyl chains. In contrast, solvent dependent shift differences using
the solvents methanol, CCl,, THF, dioxane, DMF, and benzene
show small shift differences at the choline methyl groups and
constant shift changes at acyl chain positions 3 through 5. Column
3 of Table II shows the results of averaging these five solvent pairs
in the second (“well-behaved”) set. In addition, these average
solvent transfer shift changes have been divided by 1.61, so that
the magnitude of the average solvent shift change and the mo-
nomer/micelle transition shift characteristics are similar. These
solvent transfer shift changes predict the characteristics of the
monomer/micelle transition with reasonable accuracy: small shift
changes are observed in the head group, upfield shift at the glyceryl
CH,OP, downfield at CH,0, etc. However, the upfield shift
observed for the backbone CHO is completely anomalous. Even
within the larger eleven-solvent-pair data base, an upfield shift
is never observed at this carbon atom. (The CHO shift for di-
heptyl-PC is downfield, in agreement with the solvent pair data.)
No solvent pair in this larger data base predicts the large upfield
carbonyl shifts upon micellization, although the correct shift
direction is predicted. Also, the magnitude of the downfield acyl
chain chemical shifts is underestimated and the profile different
in shape from that observed in the monomer/micelle transition.

Within the eleven pair solvent data base monomeric dihexa-
noyl-PC is modeled by highly hydrogen-bond-donating solvents;
micelles are modeled by H-bond donor deficient or H-bond ac-
cepting solvents. The dominant shift mechanism for head-group
and backbone carbon atoms in the monomer/micelle transition
is apparently a loss of H-bond-donating water molecules for
micellar lipid. All carbon atoms in the backbone and head group
are directly bonded to heteroatoms; interactions between solvent
and lipid heteroatoms could be the source for the observed shift
changes. The small shift changes observed upon micellization for
the head-group carbon atoms are correctly predicted by the solvent
transfer model. Thus, the lack of large shift changes in the head

* group does not simply indicate that the head-group environment
is the same for monomeric and micellar lipid. The solvent transfer
data demonstrate that head-group chemical shifts are not expected
to change, i.e., the choline head group carbon atom chemical shifts
are not sensitive to changes in proton-donating ability of the
solvent.

In contrast, the '3C chemical shift changes for the mono-
mer/micelle transition are larger for acyl-chain than backbone
or head-group peaks. Furthermore, the micellization shift pattern
observed for the acyl-chain carbons is in conflict with the solvent
studies (Figure 3A,C): upon micellization chain carbons 3, 4, and
5 shift the most while the terminal methyl and C-2 shift the least.
In this region of the molecule, something more than solvent effects
is responsible for the chemical shift changes upon aggregation.

Temperature Dependence of the '*C Chemical Shifts. The
temperature dependence of '3C chemical shifts has been used to
investigate the conformation of a variety of polymers,'” hydro-
carbons,'® and lipids.'"® Interpretation of the observed shift
changes is based on the “y effect.”»2° The introduction of a

(17) (a) Randall, J. C. “Polymer Sequence Determination”; Academic
Press: New York, 1977. (b) Tonelli, A. E.; Schilling, F. C.; Starner, W. H.,
Jr.; Sheperd, L.; Plitz, I. M. Macromolecules, 1979, 12, 78.

(18) (a) Tonelli, A. E. Macromolecules 1979, 12, 83. (b) Ritter, W.;
Moller, M.; Cantow, H.-J. Makromol. Chem. 1978, 179, 823.

(19) Callaghan, P. T.; Jolley, K. W. Chem. Phys. Lipids 1979, 23, 133.
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Table III. Relative Temperature Coefficients of *C NMR
Chemical Shifts (Hz/°C) for Short-Chain Lecithins

micelle monomers
carbon dioctanoyl- dioctanoyl- dibutyryl-
atom PC (D,0) PC (CD,0D) PC(D,0)
head group
N(CH,), 0.0 (0.2)% 0.0 (0.1) 0.0 (0.1)
CH,N 0.0 (0.2) 0.2 (0.1) -0.1(0.1)
CH,OP -0.4 (0.1) -0.5(0.1) -0.3(0.1)
backbone
CH, 0P 0.0(0.3) -0.4 (0.1) -0.1(0.2)
CHO -0.1(0.2) 0.0 (0.2) 0.1(0.2)
CH,O -0.2(0.2) -0.3(0.1) -0.2(0.1)
carbonyl -0.5(0.1) -0.3(0.1) -0.4 (0.6)
—-0.4 (0.1)
alkyl chains:
2 (sn-1) _ -0.3 (0.1) _
(n-2) 0.4 (0.1) ~0.3(0.1) 0.3 (0.2)
3 (sn-1) -0.6 (0.2) _ _
(1-2) ~0.7 (0.2) 0.5 (0.1) 0.3 (0.1)
4 -0.8 (0.2) _
5 ~0.9(0.2) -0.7 (0.1) 0.3 (0.1)
6 -0.9 (0.1) -0.7 (0.1)
7 -0.9(0.1) -0.8 (0.1)
8 -0.9 (0.2) -0.8(0.1)

% Numbers in parentheses reflect uncertainties in the fitting
procedure outlined in the Results.

gauche conformation in an otherwise all-trans chain will bring
carbon atom n + 4 into close proximity to carbon atom n. This
shields carbon atom n, moving its resonance position upfield.
Several studies!’> 1822021 suggest 5 ppm as the shift difference
between the trans and gauche conformers of saturated alkyl chains.
If the acyl chains are in a more trans conformation in the micelle
than as a monomer, then the v effect predicts that micellar carbons
should be downfield of the corresponding monomer shifts.
Therefore, the v effect predicts the chemical shift direction ob-
served in the monomer/micelle transition.

Studies of the temperature dependence of *C chemical shifts
are complicated by specific solute—solvent interactions, chemical
shift changes of reference compounds as a function of temperature,
changes in shift due to greater excited state contribution to the
chemical shift at high temperature, etc. Difficulties of this kind
are indicated by a 6 and 40 Hz movement (relative to the lock
frequency) of the reference Me,Si and [2-13C]acetate across a
50 °C temperature change (data not shown). Indeed, the tem-
perature dependence of the chemical shift for the Me,Si observed
in this study does not exactly agree with that determined at a
different field strength.22 This makes interpretation of the ab-
solute temperature coefficient problematical. To overcome this
difficulty, we have defined the observed choline methyl shift as
zero, and related all other temperature coefficients to this reference
point. Since the choline methyl group chemical shift change for
the monomer/micelle transition is also zero, direct comparison
of these relative temperature coefficients to monomer/micelle shift
changes if facilitated.

If phospholipid cmc values are temperature dependent, shift
changes reflecting monomer/micelle populations could complicate
the temperature studies. Therefore, the eight-carbon lecithin was
also used in temperature studies because of its lower cmc (0.2
mM) compared to that of dihexanoyl-PC (14 mM). Relative
temperature coefficients are shown in Table III for dioctanoyl-PC
in CD,0D (where the lipid is monomeric) and in D,O (at suf-
ficiently high concentrations to be essentially all micellar) and
for dibutyryl-PC in D,O. The latter lecithin has a very high cmc
and is an aqueous monomer model.5 For a given carbon atom
these relative temperature coefficients are all very similar, re-

(20) Cheny, B. V.; Grant, D. M. J. Am. Chem. Soc. 1967, 89, 5319.

(21) Spiescke, H.; Schneider, W. G. J. Chem. Phys. 1961, 35, 722.

(22) Schneider, H. J.; Freitag, W.; Schommer, M. J. Magn. Reson. 1975,
18, 393.
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Table IV. Raman Spectral Data for the C-H Stretching Region of Dihexanoyl-PC and Hexanoic Acid

dihexanoyl-PC
hexanoic acid micelle
liquid solid monomer in ice aqueous CDCl, solution
22°C -47°C 22°C -25°C 22°C -100°C 22°C assignment
2864 (sh) 2856 (4) 2865 (sh) 2859 (sh) 2864 (sh) 2861 (5) 2865 (sh) CH, symmetric stretch
2877 (9) 2873 (8) 2881 (3) 2879 (8) 2879 (7) 2876 (7) 2881 (6) overtone of CH, deformation
in Fermi resonance with CH,
sym stretch
2902 (10) 2906 (9) 2907 (sh) 2903 (8) CH, antisym stretch
2919 (9, br) 2920 (sh, br) 2920 (sh) 2921 (sh) IR active CH, antisym stretch
2923 (8) 2923 (sh) «-CH, antisym stretch
2935 (10) 2936 (6) 2945 (10) 2941 (10) 2941 (10) 2937 (10) 2937 (10) acyl chain methyl CH, sym stretch
2960 (sh) 2960 (5) 2967 (9) 2964 (9) 2967 (6) acyl chain methyl CH, asym stretch
2974 (9 2976 (7) choline methyl stretching

2984 (sh) 2985 (sh)

2985 (sh)  choline methyl stretching

@ Frequencies in cm™, intensities in parentheses with 10 arbitrarily assigned to the strongest feature in each spectrum: br= broad, sh=

shoulder,

gardless of the physical state of the molecule (i.e., monomer or
micelle). If molecular conformation controls the temperature
dependence, then the relative temperature coefficients are de-
termined by both the energy difference and chemical shift dif-
ference between (at least) two conformational states. A similar
coefficient for a given carbon does not guarantee that molecular
conformation is the same. However, with regard to the ability
of this measurement to characterize conformational energetics,
monomeric and micellar lecithins appear quite similar.
Inspection of Table III shows that the majority of head-group
and backbone carbon atoms have a relative temperature coefficient
around zero, i.e., similar to that of the choline methyl group. If
monomeric and micellar relative temperature coefficients are
averaged for any given carbon atom, only the choline CH,OP and
the backbone CH,O appear to differ significantly from zero. With
increasing temperature, carbonyl and acyl chain carbons move
upfield more than the reference choline methyl group and the
majority of backbone and head-group carbon atoms. If a simple
trans, gauche (%) model is set up for the acyl chain methylene
conformational states with an energy difference of 560 cal/mol
between trans and gauche states® and a v effect of 5 ppm, then
an absolute temperature coefficient of 0.3 Hz/K is calculated
at the field strength used in this study. Both the direction and
magnitude of the measured relative temperature coefficients
support the v effect as an important chemical shift mechanism
for the lipid temperature dependence. In order to facillitate
comparison of acyl carbon micellization shifts with those caused
by the v effect, Figure 3B shows the changes in carbon chemical
shifts for micellar dioctanoyl-PC and dihexanoyl-PC observed upon
decreasing the temperature from 55 to 5 °C. Both micellization
and temperature-induced shift profiles are reasonably similar.
Raman Spectroscopic Studies of Dihexanoyl-PC and Related
Model Compounds. Two regions of the Raman spectrum of
phospholipids have been widely used to monitor conformational
changes in the hydrocarbon chains.?* The spectral region
2850-3000 cm™! contains the C—H stretching modes, for which
assignments of spectral features and determination of spectra—
structure correlations have been given by several authors.?’
Raman spectra for dihexanoyl-PC in aqueous micelle form, CDCl,
solution, and aqueous monomer form are shown in Figures 4 and
5, while spectra of the model for the hydrocarbon chains, n-
hexanoic acid in the solid and liquid states, are shown in Figure
6. Frequencies and assignments of spectral features are given
in Table IV. The assignments are based on initial studies for

(23) Kint, S.; Scherer, J. R.: Snyder, R. G. J. Chem. Phys. 1980, 73, 2599.
(24) (a) Lord, R. C.; Mendelsohn, R. Mol. Biol., Biochem. Biophys. 1981,
31,377. (b) Carey, P. R,; Salares, V. R. Infrared Raman Spectrosc. 1980,

7, 1.

(25) (a) Gaber, B. P,; Yager, P.; and Peticolas, W. L. Biophys. J. 1978,
21, 161. (b) Bunow, M. R,; Levin, I. W. Biochim. Biophys. Acta 1977, 487,
388. (c) Sunder, S.; Mendelsohn, R.; Bernstein, H. J. Chem. Phys. Lipids
1976, 17, 456.
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Figure 4. (A) Raman spectra of the C-H stretching region for (i, top)
dihexanoyl-PC 168 mM in 1 mM EDTA, 50 mM Tris solution at 22 °C
and (ii, bottom) dihexanoyl-PC as above except the temperature was —25
°C (micelle is frozen in ice). (B) Raman spectra of the C-H stretching
region for (i, top) dihexanoyl-PC in CDCl, solution at =22 °C and (ii,
bottom) dihexanoyl-PC as above except the temperature is =100 °C.
Spectral conditions: parameters as in Experimental Section; data have
been seven-point smoothed.

paraffin-related molecules,?® as well as more recent work on the
vibrational spectra of n-alkyl carboxylic acids.?’

(26) (a) Snyder, R. G. J. Chem. Phys. 1967, 47, 1316. (b) Snyder, R. G.;
Schachtschneider, J. H. Spectrochim. Acta 1963, 19, 85.
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Figure 5. Raman spectrum of the C-H stretching region for dihexano-
yl-PC 12 mM in 1 mM EDTA, 50 mM Tris solution at 22 °C. Spectral
conditions: 4 scans; residence time 10 s/cm™; data have been seven-point
smoothed.

The sensitivity of the C-H stretching region to conformational
change in the alkyl chains is demonstrated for hexanoic acid in
Figure 6. The most intense band in the C-H stretching regions
for solid n-alkyl carboxylic acids arises from the antisymmetric
CH, stretching modes. The band frequency decreases with in-
creasing chain length. For example, the mode appears at 2908,
2902, and 2883 cm™! for solid butanoic, hexanoic, and octanoic
acids, respectively.?” As the band is expected to be rather weak
in its Raman intensity, the origin of its strength has been inves-
tigated both theoretically?® and experimentally.?” Hill and Levin
showed?” that the same mode in n-octane (2881.5 cm™) vanishes
when that solid is isolated in a CCl, matrix at low temperature.
As the all-trans nature of the acyl chains is preserved at low
temperature, the band therefore depends on lateral interactions
between chains for its intensity. A theoretical treatment for this
type of effect has been given by Snyder et al.® The CH, anti-
symmetric stretching mode intensity also is reduced when lateral
interactions between hydrocarbon chains are disrupted by the
formation of gauche rotamers, as occurs on melting (Figure 6).
The sensitivity of this spectral feature to various types of con-
formational and environmental effects has resulted in this mode
having been used extensively to probe lateral interactions of longer
chain phospholipid molecules.?®

Other important changes in the C—H stretching region of the
n-hexanoic acid Raman spectrum that occur on melting include
the reduction in intensity of a mode assigned to the a-CH,
stretching mode near 2923 cm™!, and the appearance in the liquid
state of a broad intense feature centered at 2919 cm™. The latter
band is assigned to an antisymmetric CH, stretching motion which
is normally only IR active, but which gains intensity in the Raman
spectrum due to breakdown of selection rules in the liquid state.
The apparent intensity enhancement of the CH, symmetric and
antisymmetric stretching modes near 2936 and 2960 cm™ in the
spectrum of the liquid is probably the result of increased intensity
underlying these modes and originates in the broad feature at 2919
cm™,
The spectrum of dihexanoyl-PC will be discussed based on the
data for n-hexanoic acid. The spectrum of the phospholipid in
solid CDCl; (lipid structure unknown) shows the presence of a
reasonably intense CH, antisymmetric stretching mode at 2903
cm™! (Figure 4B), but lacks the a-CH, antisymmetric stretching
mode at 2923 cm™!. At room temperature, in CDCI; solution
(phospholipid monomers or inverted micelles), the medium-in-
tensity band at 2903 cm™! is replaced by a weak broad feature
at 2907 cm™!. In addition, a broad shoulder appears near 2921
cm™! characteristic of the IR-active CH, antisymmetric stretch.

(27) Hill, I. R,; Levin, I. W. J. Chem. Phys. 1979, 70, 842.

(28) Snyder, R. G.; Hsu, S. L.; Krimm, S. Spectrochim. Acta, Part A
1978, 344, 395.

6(229) Taraschi, T.; Mendelsohn, R. Proc. Natl. Acad. Sci. U.S.A. 1980, 77,
2362.
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Figure 6. Raman spectra of the C-H stretching region for neat hexanoic
acid: (i, top) 22 °C; (ii, battom) —47 °C. Spectral conditions: single
scan; spectra have not been smoothed. Other parameters as in the Ex-
perimental Section.

These observations are consistent with the elimination of extensive
all-trans structure on warming from —100 °C to room temperature
and are strongly suggestive of disordered hydrocarbon chains in
CDCl; solutions of dihexanoyl-PC at room temperature. The
residual weak band at 2907 cm™ in the 22 °C spectrum (Figure
4B) may reflect some remaining small population of highly in-
teracting trans segments of CH, groups.

The spectra of dihexanoyl-PC in aqueous micelles at 22 °C and
in ice (phospholipid structure unknown) are shown in Figure 4A.
In addition, a spectrum of the monomer in aqueous solution is
shown in Figure 5. The poor spectral quality of the latter arises
from the relatively low concentration necessary to ensure monomer
formation. At room temperature, the aqueous micelle has a
Raman spectrum which strongly resembles that for the CDCl,
solution (compare Figures 4A and 4B). The frequency differences
are within experimental error with the exception of the symmetric
methyl stretching mode (2941 cm™ in the micelle vs. 2937 cm™
in CDCl;) and the methyl region above 2960 cm™. The breadth
of the latter bands makes accurate frequency measurements
difficult and the fact that both the terminal methyls as well as
the choline methyl groups contribute to this spectral region makes
it impossible for specific structural conclusions to be drawn. The
acyl chain conformation (as reflected in bands at 2864, 2880, 2907,
and 2920 cm™) is similar in the aqueous micelle and CDCl,
solution states of dihexanoyl-PC. The acyl chains are significantly
disordered, with perhaps a small amount of interacting trans
segments still present. Very few trans-trans-trans conformations
are retained, as shown by the absence of a strong antisymmetric
CH; stretching mode. When the aqueous micelle is frozen in ice,
the re-establishment of all-trans structure and/or strong interchain
interactions is reflected in the Raman spectrum at —25 °C by the
growth of a band near 2906 cm™ (Figure 4A).

A comparison of the spectrum of aqueous monomeric dihexa-
noyl-PC (Figure 5) with that of the micelle shows some significant
differences in the CH; symmetric stretching mode. The frequency
of the mode shows a progressive shift from 2935 cm™ (liquid
hexanoic acid) to 2937 em™! (CDClI; solution) to 294] cm™
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Figure 7. (A) Raman spectra of the C-C stretching region for neat
hexanoic acid: (i, top) 22 °C (liquid); (ii, bottom) —47 °C (polycrys-
talline). Spectral conditions: as in Figure 4. (B) Raman spectra of the
C-C stretching region for dihexanoyl-PC in (i, top) aqueous micelle (168
mM) in 1 mM EDTA, 50 mM Tris at 22 °C and (ii, bottom) micelle
frozen in ice. Spectral conditions: as in Figure 4.

(aqueous micelle) to 2945 cm™ (aqueous monomer). This pro-
gressive increase in frequency with solvent polarity increase is
similar to a trend observed in a recent Fourier transform infrared
study of the monomer-to-micelle transition in sodium hexanoate.*
For a fixed chain conformation, the relative intensity of this mode
is not a strong function of solvent polarity. Its frequency appears
to be a more useful indicator of the hydrocarbon chain environ-
ment. An additional difference between the aqueous monomer
and the aqueous micelle is reflected in the intensity of the feature
near 2907 cm™'. The band in the monomer is so weak as to be
only marginally identifiable. If the assignment of this feature to
residual ordered structure in the micelle is correct, it would appear
that these structures occur less frequency in the monomer in
aqueous solution compared with the micelle. This observation
is consistent with the 13C NMR data (vide supra) suggestive of
slightly increased numbers of trans conformers in the micelle in
water compared with the monomer (in methanol). Further Raman
evidence for this interpretation comes from the more pronounced
shoulder near 2920 cm™ in the monomer than in the micelle,
suggestive of more disorder in the former.

The second spectral region that has been used for monitoring
structural alterations in phospholipid hydrocarbon chains is the
C—C stretching region, 1000-1150 cm™.3! For n-hexanoic acid
(Figure 7A), the band in the solid near 1120 cm™ reflects C—C
stretching modes coupled with similar modes down the length of

(30) Umemura, J.; Cameron, D. G.; Mantsch, H. H. J. Phys. Chem. 1980,
84,2272,

(31) Lippert, J. L.; Peticolas, W. L. Biochem. Biophys. Acta 1972, 282,
8.

Burns et al.

the hydrocarbon chain. In more technical terms, the allowed
Raman-active vibrations for the all-trans chain are those with
identical nuclear displacements in each unit cell. If ¢ = the relative
phase angle between adjacent units, only modes with ¢ = 0 can
appear in the spectrum of an ordered chain. Upon the introduction
of gauche rotamers, C—C modes with other (fixed) values of ¢
become allowed.3! For sufficiently long chains, vibrational bands
with significant intensity appear at new frequencies. For n-
hexanoic acid, these new features appear at frequencies sufficiently
close to 1120 cm™ so that rather than a new spectral feature
occurring, an apparent frequency shift is noted in the 1120-cm™!
mode. The C—C stretching mode for hexanoic acid in the liquid
state appears at 1114 cm™! (Figure 7A). The spectrum of di-
hexanoyl-PC in the C-C stretching region is shown in Figure 7B.
At low temperature (micelle frozen in ice), the all-trans band
appears at 1117 cm™. The spectral feature at 1103 cm™ has no
counterpart in the spectrum of the n-hexanoic acid. There is some
evidence for a symmetric stretching mode of the phosphate group
at this frequency.?? In the aqueous micelle at 22 °C, the
1117-cm™ mode has broadened and shifted down to 1112 cm™.
This is the behavior expected for the introduction of modes with
phase angle ¢ = 0, as discussed above and in ref 31. The micelle
therefore has suffered the introduction of significant numbers of
gauche rotamers in its hydrocarbon chains and exhibits surprising
disorder. The origin of the intense feature near 1086 cm™ in the
micelle at 22 °C probably originates in the phosphate group. This
band which appears at 1103 cm™ in the micelle frozen in ice
appears to react to the change in hydrogen bonding experienced
by the phosphate group in water compared with ice.

Discussion

Careful analysis of the monomer/micelle transition of dihex-
anoyl-PC yields information relevant to several topics. Phos-
pholipid structure is critical to the activity of a variety of enzymes,
one series being the water-soluble phospholipases.>* These est-
erases show markedly accelerated hydrolysis rates toward micellar
or aggregated lipid compared to monomeric lipid. This enzymatic
behavior has been documented with synthetic short-chain lecithins.
The “interfacial activation” of the enzymes could be due in part
to structural changes in the lipid molecule which occur upon
aggregation. Such changes can be evaluated by physical studies
of short-chain lecthins as monomers and micelles. On a more
fundamental level, the structure and dynamics of micellar ag-
gregates is currently a topic of active research.** In addition,
this system offers a unique opportunity to study '3C NMR
chemical shift mechanisms and the factors in aggregated systems
which influence Raman spectral characteristics.

Previous 'H-NMR studies of dihexanoyl-PC have shown an
enhanced magnetic nonequivalence upon aggregation of the di-
hexanoyl-PC** and slight changes in rotamer population in favor
of packing the two chains together. Because all carbons in the
molecule are resolved *C NMR studies are potentially quite
informative.>*¢ Upon micellization, motional changes as mon-
itored by 7T, and sn-1/sn-2 chain differences as monitored by
chemical shift are detected. How these relate to detailed molecular
conformation is not straightforward; however, the chain none-
quivalence observed in these studies is understandable in terms
of X-ray structural determinations of dimyristoyl-PC and dila-
uroyl-DL-PE.>” In both of these structures, the sn-1 and sn-2
chains are perpendicular and parallel, respectively, to the bilayer
plane.

(32) Mendelsohn, R ; Sunder, S.; Bernstein, H. J. Biochim. Biophys. Acta
1975, 413, 329.

(33) (a) Verger, R,; DeHaas, G. H. Annw. Rev. Biophys. Bioeng. 1976,
5, 77. (b) DeHaas, G. H.; Slotboom, A. J.; Verheij, H. M. In “Cholesterol
Metabolism and Lipolytic Enzymes”, Polonovski, J., Ed.; Mason Publishing:
New York, 1977; pp 191-211,

(34) Menger, F. M. Acc. Chem. Res. 1979, 12, 111.

(35) Roberts, M. F.; Bothner-By, A. A.; Dennis, E. A. Biochemistry 1978,
17, 935.

(36) Burns, R. A., Jr.; Roberts, M. F. J. Biol. Chem. 1981, 256, 2716.

(37) (a) Pearson, R. H.; Pascher, 1. Nature (London) 1979, 281, 499. (b)
Elder, M.; Hitchcock, P.; Mason, R.; Shipley, G. G. Proc. R. Soc. London,
Ser. A 1977, 354, 157,
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Analysis of solvent transfer chemical shift differences for di-
hexanoyl-PC indicates that the monomer/micelle transition can
be successfully modeled for the majority of head-group and
backbone 1*C peaks as a transfer from an H-bond-donating to
an H-bond-deficient environment. No conformational changes
are required to explain the '*C chemical shift differences observed
at these centers. However, the shift direction observed for the
CHO backbone peak is completely inconsistent with this model,
and the observed shift differences for the carbonyl resonances are
grossly underestimated. We propose a conformational change
between monomer and micelle for the glyceryl backbone to explain
these data. These conclusions are consistent with previous 'H
coupling analyses of dihexanoyl-PC in a variety of physical states:®
lipid conformation is predominantly determined by intramolecular
interactions. No large changes are observed for monomeric or
micellar dihexanoyl-PC in D,O, or in several organic solvents.
However, small differences in vicinal 'H coupling constants
suggested different fractional populations of glyceryl backbone
torsional angles between monomeric and micellar lecithin. From
the backbone and carbonyl carbon atoms affected in the mono-
mer/micelle transition, this conformational change apparently
involves some motion of the ester end of the sn-2 acyl chain.

The solvent transfer chemical shift differences significantly
underestimate the shift difference observed for the acyl chain
carbon atoms. The temperature dependence of the '3C chemical
shifts and numerous earlier studies!7!820.2! support a confor-
mationally induced v effect as the additional chemical shift
mechanism. Using a 5 ppm v effect, and correcting for a solvent
effect using the well-behaved solvent-transfer data gives a AP,
(increase in probability of a trans conformation in the micelle)
of approximately 6%. Carbon atoms 3 and 5 were used for this
calculation, with carbon atom number 4 excluded; no precedent
(or theoretical basis) exists for interpreting vy effects between
methylene and carbonyl groups. These data translate to AP’s
of 0.10 (if carbon atom number 4 is used), 0.07, and 0.05 for
carbon—carbon bonds which are 2, 3, and 4 bonds from the ester
carbonyl, respectively. Thus the change in chain conformation
appears greater at the ester end of the chain than at the terminal
methyl end. This conclusion is quantitatively supported by the
intensity differences for Raman bands at 2907 and 2920 cm™!,
suggesting more chain disorder for monomeric than micellar
dihexanoyl-PC. While the terminal methyl group shows a mo-
nomer/micelle 3C chemical shift change similar to that observed
for the chain methylenes, the solvent transfer data suggest that
this shift change is dominated by a solvent effect. In the Raman
studies, the CH; symmetric stretching mode is also shown to be
dependent on solvent polarity.

13C NMR studies of the monomer/micelle transition of sodium
octanoate’® and n-nonylammonium bromide!! demonstrate a
maximum shift change in the center of the chain. Shift changes
observed in that study range up to 1.2 ppm. This larger 3C shift
change upon micellization may be due to the length of these chains;
# interactions are possible from either direction in the chain for
carbon atoms in the center. The chemical shift changes in that
study form a smooth distribution, although certain carbon atoms
are supposedly experiencing +y interactions with carboxylates or
the ammonium moiety. This is in agreement with the results of
this study, where a smooth curve can be drawn through the shift
changes observed for the transition (see Figure 3A), although
carbon atom number 4 has an ester carbonyl in the v position.
Indeed, in a variety of other systems, such as 2,4,6-trichloro-
heptane™ and heteroatom-substituted ring systems,® the shift data
are consistent with a 3-5 ppm 7 effect between methylene groups
and heteroatoms. In this study, the chemical shift differences for
chain carbon number 4 are similar for both ester and ether lecithins
(Table I), although a carbonyl and ether methylene, respectively,

J. Am. Chem. Soc., Vol. 104, No. 2, 1982 437

are the « carbon atom for this center. Although the mechanisms
of conformation induced chemical shifts are not well understood,*!
a variety of evidence does support the S-ppm + shift in saturated
chain molecules.

Interesting results are obtained if the '3C chemical shift changes
for the monomer/micelle transition are compared to the corre-
sponding 'H NMR values determined previously.'* If the 13C shift
change is divided by the 'H change for each peak, then head-group,
backbone (excluding the CH,0), and chain carbon 2 ratios are
near zero (average = 3 (4)). Previous studies of solvent effects
for cyclohexane and chloroform® similarly find values of this ratio
near zero. In contrast, the ratios for the backbone CH,O and
chain carbon 3-6 are all greater than £30. (The backbone CH,O,
as in the monomer/micelle transition and the '3C temperature
dependence, appears to be involved in acyl chain conformational
events.) These large values of the shift change ratio are found
for carbon atoms where conformational shift mechanisms are
apparently operative. Analysis of both 13C and 'H NMR shift
changes (where possible) may be a fruitful approach for con-
formational analysis. In addition, theoretical understanding of
the « effect 3C shift mechanism may be gained by simultaneous
analysis of the NMR shift characteristics from these two nuclei.

While NMR spectroscopy is a prominent and informative
technique in studying micelles, Raman spectroscopy has been
exploited to a lesser degree. The current work, along with a
previous study of sodium and potassium n-alkyl carboxylates,*
demonstrates both the advantages and the drawbacks of Raman
spectroscopy as applied to the analysis of acyl chain structure in
micellar systems. The two primary advantages are: (i) sufficient
sensitivity to obtain spectra from the monomer form directly (in
the current work, at a concentration of 12 mM) without the
introduction of new solvent systems; and (ii) different regions of
the Raman spectrum respond to different aspects of alkyl chain
structure and environment. In this study, the C-C stretching
modes near 1120 cm™! respond in frequency and intensity to the
formation of gauche rotamers in the acyl chains, while the CH,
antisymmetric stretching mode monitors both the lateral inter-
actions of the hydrocarbon region as well as structural order.
Finally, the terminal methyl group symmetric stretching mode
frequency is a useful monitor of the solvent environment of the
acyl chains.

A significant drawback in the current state of Raman spec-
troscopic knowledge is the lack of quantitative theories of spec-
tra—structure relationships. Although particular vibrational modes
such as the terminal methyl or phosphate vibrations may be
localized on certain regions of the phospholipid, the acyl chain
modes are extensively delocalized and reflect an “average”
structure over all chain positions. In order to monitor specific
chain positions, particular deuterated derivatives must be prepared.
The C-D stretching modes can then be used to probe chain order.
Another type of solution to the problem has recently been sug-
gested.** Pink et al. have combined a statistical theory of chain
conformation and compared it to the intensity of the C-C
stretching mode. A comparison of the theoretical prediction with
the observed Raman melting curves for longer chain (C-14, C-16,
C-18) phosphatidylcholines gave good agreement. It may be
possible in the future to go directly from the Raman intensity to
a fairly accurate measure of the average number of gauche ro-
tamers in the chain. Application of such a theory would give an
independent estimate of AP, for the monomer/micelle transition
of dihexanoyl-PC.

The final picture of the fluid, disordered lecithin molecule in
the micelle is helpful in unraveling the interfacial activation of
phospholipases. The alkyl chain constraints upon aggregation are
relatively minor and cannot be energetically critical to these
enzymes. The conformational change in the backbone which we

(38) Hauser, H.; Guyer, W.; Pascher, I.; Skrabal, P.; Sundell, S. Bio-
chemistry 1980, 19, 366.

(39) Drakenberg, T.; Lindman, B. J. Colloid Interface Sci. 1973, 44, 184.

(40) Eliel, E. L.; Bailey, W. F.; Kopp, L. D.; Willer, R, L,; Grant, D. M,;
Bertrand, R.; Christensen, K. A,; Dalling, D. K.; Duch, M. W.; Wenkert, E.;
Schell, F. M.; Cochran, D. W. J. Am. Chem. Soc. 1975, 97, 322.

(41) Levy, G. C.; Lichter, R. L.; Nelson, G. L. “Carbon-13 Nuclear
Magnetic Resonance Spectroscopy”, 2nd edition; Wiley-Interscience, New
York, NY, 1980; p 55.

(42) Okabayshi, H.; Okuyama, M.; Kitagawa, T. Bull. Chem. Soc. Jpn.
1978, 48, 2264.

(43) Pink, D. A,; Green, T. J.; Chapman, D. Biochemistry 1980, 19, 349.
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may detect cannot be discounted so easily, but it needs further
definition. We are left with the possibilities that aggregation from
monomer to micelle (i) alters the polarity of microenvironment
of the ester groups, perhaps rendering them more susceptible to
attack by phospholipases, and (ii}) produces an interface with
surface characteristics such as surface charge, counterion binding,
etc., which alter enzyme catalysis. While the outcome of this study
does not explain interfacial activation, it at least allows us to
eliminate major conformational changes and ordering of the
lecithin molecules as the culprits. It also provides background
for further detailed studies with the enzymes.
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Abstract: High-power proton decoupling, cross-polarization, and magic-angle spinning techniques have been employed to obtain
high-resolution *'P NMR spectra of solid tertiary phosphines, tertiary phosphine oxides, and tertiary phosphine complexes
of nickel(II), palladium(II), and platinum(II). Solid-state effects can result in nonequivalence of 3'P shieldings in simple
cis-[PtCly(PR;),] complexes. The magnitudes of the scalar couplings, 'J(*?5Pt,3'P), in platinum(II) complexes are comparable
with those obtained by high-resolution solution *'P NMR measurements, allowing the geometry of such complexes to be determined
in the solid state. The ligand Ph,PCH,CH,Si{OEt}; and its Ni(II), Pd(II), and Pt(II) complexes have been immobilized on
silica gel and high-surface-area glass beads and the immobilized species studied by solid-state *'P NMR. The results show
that the geometry of surface-immobilized complexes may be determined and the surface reactions may be monitored. The
merits of some preparative routes to supported transition-metal catalysts have been studied and some common representations
of surface reactions and surface-immobilized species shown to be misleading.

The immobilization of transition-metal complexes on insoluble
supports has been extensively studied in recent years as a method
of combining the most desirable characteristics of homogeneous
and heterogeneous catalysts.>® Systematic research efforts in
this field have been severely restricted because of the lack of
suitable analytical techniques for the study and structural char-
acterization of surface-immobilized species. The most widely
utilized technique has been infrared spectroscopy,* which provides
structural information in the case of immobilized species with
characteristic infrared absorptions (e.g., »(CO) in metal carbonyls,
v(M-H) in metal hydrides). Less commonly, electron-spin res-
onance,”® ESCA,*10 photoacoustic spectroscopy,!! and electron-
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probe microanalysis!? have been utilized in attempts to obtain
structural information about supported transition-metal complexes.
A great many surface-immobilized complexes contain phospho-
rus(IIT) donor ligands,>? but the solid-phase nature of the sup-
ported species has prevented any study by high-resolution 3'P
NMR, the technique of choice when studying many homogeneous
systems in solution.!?

In recent years, the development of high-power decoupling,'4
cross-polarization,'® and magic-angle spinning!$ techniques has
allowed “high-resolution” NMR studies of dilute nuclei to be
performed on solid samples. These techniques have allowed ex-
tensive study by 13C NMR, and more recently 2°Si NMR, to be
performed in many diverse areas of solid-state chemistry, including
the study of surface-attached species.'’2! The application of these
techniques to the observation of the 3P nucleus (I = !/,, abun-
dance = 100%) in the solid state has recently been described in
studies of the phosphate-containing phases of bones?? and of solid
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