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teraction. In addition, 13 cos2 0 — 11 ml above the plane and 
only 1 in the plane. Thus the total expected pseudocontact ef­
fect will be much larger above the plane of the T system. 

This interpretation makes clear predictions on the geo­
metrical dependence of radical-induced shifts which we hope 
to test in porphyrins and other radicals. Coupling constant and 
chemical shift evidence show that the bridge in 1 is flexible, 
but a more rigid bridge would allow measurement of 9, r, and 
hence g-tensor anisotropy. 

These results reveal the possibility that, in isolated pho-
tosynthetic reaction centers, chlorophyll-protein complexes, 
or chlorophyll-doped membranes, the chlorophyll radical 
cation could act as a natural in situ spin label causing shifts as 
well as broadening. Other biologically important radical cat­
ions and anions presumably have the same potential, although 
in all cases the long electron Ti may be a problem. 
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High Resolution 3 1P and 13C Nuclear Magnetic 
Resonance Spectra of Unsonicated Model Membranes 

Sir: 

Nuclear magnetic resonance has been used extensively in 
the last decade to study the structure and dynamics of model 
and biological membranes.1 However, the complexity of these 
systems, which should manifest itself in a corresponding 
richness of their NMR spectra, has in most cases not been 
observed because of the substantial breadth of the NMR lines. 
It is now understood that this breadth is due primarily to re­
sidual chemical shift anisotropy and dipole-dipole interactions. 
For dilute spins, such as 13C and 3 1P, the dipolar broadening 
can be removed by sufficiently intense rf irradiation at the 
proton resonance frequency.2"4 Nevertheless, a substantial 
broadening due to the anisotropy of the chemical shift remains. 
In order to obtain "high resolution" N M R spectra, it has be­
come customary to subject multilamellar dispersions to pro-
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Figure 1. Proton decoupled 31P spectra of DPPC in 50 wt % H2O (7 = 21 
°C): (a) axially symmetric powder spectrum, Aa = -60 ppm (7.2 kHz), 
Ĵ 01 = 0; (b) crot = 2.6 kHz. In (b) the side bands are spaced at the spinning 
frequency and the full width of the centerband is 95 Hz. Shifts are ref­
erenced to external 85% H3PO4. 

longed ultrasonic irradiation.5 This process, which results in 
particles of reduced size with reduced reorientational corre­
lation times, does indeed improve the resolution of the NMR 
spectra; however, its exact physical and chemical consequences 
are a subject of much debate.6 We report an approach which 
avoids sonication. 

Almost-2 decades ago Lowe7 and Andrew et al.8 suggested 
that rapid spinning of a sample about an axis inclined at the 
"magic angle", 54° 44', with respect to HQ would suffice to 
narrow dipolar broadened NMR lines. The criterion to achieve 
complete narrowing is that the rotation rate, VR, must be 
greater than the dipolar line width.9 For this reason 1H spin­
ning experiments on phospholipids have not been very suc­
cessful.10 With the development of pulse methods for obtaining 
high resolution NMR spectra in solids,u~14 there has been 
renewed interest in this technique because chemical shift 
tensors, like dipolar tensors, are of rank two, and can be aver­
aged to their trace by magic angle spinning. Recently Schaefer 
and Stejskal 'demonstrated that high resolution 13C spectra 
of several polymeric samples could be obtained by combining 
dilute spin double resonance and sample spinning.16 However, 
it was thought that VR must be greater than the breadth of the 
shift powder spectrum, Aa, in order to achieve substantial 
narrowing. Thus, it appeared that this approach would be of 
utility only at relatively low magnetic fields—i.e., <2.0 T. 

Recently we and others17-19 have observed that even at VR 
< Ac one still obtains a narrow centerband.18 However, this 
line is accompanied by sidebands spaced at intervals equal to 
the spinning frequency, as is illustrated by the 31P spectra of 
dipalmitoylphosphatidylcholine (DPPC), dispersed in excess 
water, shown in Figure 1. Here motional averaging narrows 
the rigid lattice axially asymmetric 31P spectrum of ~190-ppm 
breadth4 to an axially symmetric one of ~60 ppm,3 which 
amounts to 7.2 kHz at our 31P frequency of 119.05 MHz. Upon 
spinning this sample in an Andrew20-type rotor at 2.6 kHz, we 
observe a single line of 95-Hz full width at half-height flanked 
by two sets of sidebands. The residual line width is essentially 
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Figure 2. Proton decoupled 13C spectra of DMPC and DPPC in 50 wt % 
H2O (T = 21 0C): (a) DMPC, vm = 0; (b) DMPC, vrot = 2.6 kHz; (c) 
DPPC, j*rot = 2.6 kHz. Line assignments are based on those given in ref 
23 and 26 and shifts are referenced to external delrin. Full widths of the 
single carbon resonances are ~20 Hz. The broad line at -30 ppm also 
arises from the delrin rotor, VUQ = 73.966 MHz. 

Table I. 13C Chemical Shifts for Unsonicated DMPC and DPPC 
in Excess Water at T ~ 21 0C with Respect to External Delrin 
Reference" 

Carbon 
position 

Acyl chain 
C-I (C=O) 
C-2 
C-3 
C-4-C-11 (13) 
C-12(14) 
C-13 (15) 
C-14(16) 

Glycerol 
C-I (CH2OP) 
C-3 (CH2OCOR) 
C-2 (CHOCOR) 

Choline 
CH2OP 
CH2N 
N(CH3)3 

" In the acyl chains C=O and -CH3 are labeled C-I and C-16, 
respectively, and in the glycerol C-I and C-3 are esterified with the 
acyl chain and PO4, respectively. The numbers in parentheses refer 
to the carbon position in the DPPC acyl chains. 

Chemical shifts, ppm 
DMPC 

-84.9 
54.4 
64.0 
58.0 
56.1 
65.6 
74.5 

25.2 
25.2 
17.7 

28.8 
22.3 
34.3 

DPPC 

-84.6 
54.7 
63.7 
58.3 
56.6 
66.0 
75.0 

25.4 
21.5 
17.9 

29.3 
22.7 
34.6 

shift anisotropy broadening. Upon spinning, the spectral bands 
narrow dramatically as is shown in Figure 2b and, at a spinning 
rate of 2.6 kHz, we resolve all of the lines that are observed 
when the lipid is dissolved in CHCl3.

22'23 The assignment of 
the lines is given in Table I referenced to the strong line in the 
center of our spectrum which arises from the 13C nuclei in our 
plastic (Delrin) rotor. Since we have observed the broad line 
spectra of Figure 2a both prior to and following spinning, it 
appears that sample rotation at 2.5 kHz does not degrade the 
structure of the liposomes. 

Based on a measurement of the temperature of the gas 
employed to drive the spinner, we believe the sample temper­
ature is close to 21 0C. For DMPC the pretransition temper­
ature, Tp, is 14 0C and the gel-liquid crystalline transition 
temperature, Tc, is 24 0C; so we believe the lipid is in its 
monoclinic phase.24'25 However, if there were a slight amount 
of heating due to 1H decoupling, then the spectrum of Figure 
2b could be due to the liquid crystalline phase. In order to ob­
tain a gel phase spectrum, we have studied DPPC which has 
Tp = 35 0C and Tc = 41 0C and its spectrum is shown in Fig­
ure 2c; the chemical shifts are also given in Table I. A com­
parison of Figures 2b and 2c shows that the acyl chain and 
carbonyl regions of the spectra are rather similar, but the 
glycerol and choline regions are somewhat different. Specifi­
cally, in the DPPC spectrum the a- and /3-choline carbon lines 
sharpen slightly and all three glycerol carbon lines are now 
resolved. On the basis of DPPC spectra obtained in methanol,26 

we assign the glycerol lines, in order of decreasing shielding, 
to C-I, C-3, and C-2, respectively. The fact that the three 
glycerol lines are resolved in DPPC, but not in DMPC, suggests 
the possibility of slightly different conformations in the glycerol 
segment below and above Ta. 

The 13C spectra in Figures 2b and 2c do not exhibit rota­
tional sidebands, in spite of the fact that they were obtained 
at a 6-8-T high magnetic field. This can be understood by 
noting that the apparently large breadths of the powder spectra 
of Figure 2a are due in part to overlap of residual shift an­
isotropy patterns. In fact the powder spectra from individual 
carbons are probably ~1 kHz wide so that we are in the limit 
where the narrowing is complete. This also suggests that 13C 
lipid spectra which are free of rotational sidebands could be 
obtained at two-three times higher magnetic fields with cur­
rently available rotor designs. On the other hand, information 
on the residual shift anisotropy should be available by de­
creasing the spinning rate to the point where sidebands ap­
pear.17 This is an appealing approach to studying these pa­
rameters because the lines will be sharp and, consequently, the 
problem of signal overlap can be partially circumvented. 
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identical with that observed in sonicated DPPC vesicles at 
roughly an equivalent magnetic field and it may be determined 
by shift anisotropy relaxation effects.21 

The effect of sample spinning is more dramatically illus­
trated by the proton-decoupled 13C spectra of dimyristoyl-
phosphatidylcholine (DMPC) and DPPC, dispersed in excess 
water, displayed in Figure 2. Figure 2a shows a spectrum ob­
tained with a stationary sample of DMPC and again the rigid 
lattice 13C shift tensors are partially averaged to the point that 
assignment of bands to the carbonyl, the -N(CH3)3, glycerol 
backbone, head group -CH2- and the acyl chain carbons can 
be accomplished, but there remains a considerable amount of 
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Photocalorimetry. Enthalpies of Photolysis of trans-
Azobenzene, Ferrioxalate and Cobaltioxalate Ions, 
Chromium Hexacarbonyl, and Dirhenium Decarbonyl 

Sir: 

We report here on a new type of calorimetry, photocalori­
metry. The procedure determines the ordinary AH of a reac­
tion, but is special in that the reaction is light induced. If light 
of flux F0 (defined here as J s-1) is absorbed by a solution, then 
in the absence of photochemical (or thermal) reaction and of 
emission, the energy F°t must appear as heat, where t is the 
time of irradiation in seconds. If, however, a photoinduced 
reaction occurs, the observed rate of heat production will be 
some different value, F, and the quantity (F0 — F)t gives the 
enthalpy change associated with the amount of reaction that 
has occurred. The AH of reaction may be calculated as (F° — 
F)In, where n is the moles of such reaction per second. Alter­
natively, the fractional discrepancy due to the heat of reaction 
i s /= (F° — F)/F°; if positive,/is the efficiency of conversion 
of light to chemical energy. Further, if monochromatic light 
is used, AH =fE/4>, where E is the energy per mole of light 
quanta, and (j>, the quantum yield for the photoreaction. Note 
that if the experimental n is used in calculating A//, the result 
will be correct even if absorption by the cell window or by 
photoproducts occurs, although/and <£ will be low. 

Photocalorimetry suffers in precision because it depends on 
the difference (F0 — F) and is insensitive if <̂> is small. It can, 
however, be a convenient alternative to other methods of A// 
determination, and in some cases may be the only practical 

K15-H 

h 80 H 

h 120 -4 

Figure 1. Photocalorimeter cell (dimensions in mm): (1) coated magnetic 
stir bar, (2) quartz windows, (3) heating coil, (4) thermistor, (5) to vacuum 
pump, (6) to thermostat, (7) metal cover, (8) cap to inner cell. 

method. Certainly, current thermochemical complications'-3 

allow rather few enthalpies of reactions between organome-
tallic compounds in solution to be assembled; the same is true 
for kinetically stable Werner-type coordination compounds. 
A further point is that there can be cases where the photo­
chemical reaction is complex or not fully understood, and yet 
is one for which the enthalpy change is desired. Potential solar 
energy storage reactions may fall in this category.4 The 
equipment described here is well suited to the testing of such 
systems since/is determined. 

The essential features of our equipment and procedure are 
as follows. The photocalorimeter cell is shown in Figure 1. The 
inner cell is magnetically stirred and its temperature is sensed 
by a thermistor and associated bridge and chart recorder. A 
precise amount of electrically generated heat can be delivered 
by means of a resistance coil, using a constant current gener­
ator. The space around the cell is evacuated and the outer space 
thermostated. The cover is of heat-conducting metal, effec­
tively to complete the constant temperature environment. 
Monochromatic light, controlled by a shutter, is used. Many 
of the features of the equipment are similar to those for the 
calorimetric determination of fluorescence yields.5 

An experiment consisted of the following sequence. The cell 
was first filled with an absorbing but nonphotoactive reference 
solution, and the heat capacity, C, determined as joules per 
chart division (the chart readout being proportional to tem­
perature). The rate of light heating, R, was determined by 
opening the shutter for the appropriate time and is reported 
in chart divisions per second. The product CR gives F0. The 
cell was then rinsed and filled with the solution of interest, C 
and R again determined, and thus F. While not in principle 
necessary, we made the practice of using as reference solution 
a similar, but nonphotoactive system in the same solvent. Ir­
radiations were sufficiently limited to avoid significant sec­
ondary photolysis; none of our solutions emitted to any visually 
detectable extent; the data are for temperatures falling in the 
range 24.5-25.5 0C. 

The results for the five reactions studied are summarized 
in Table I. Since the method was new, it was desirable to see 
if a known A//0 could be confirmed. The reaction chosen is 

?ra«j-azobenzene —*• c/s-azobenzene (1) 
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