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that intrinsically available in the multiphoton absorption
process.

Significant increases in the overall efficiency of an isotopic
segregation scheme may be achieved by irradiation of a low-
pressure mixture of reactant in an excess of effective coreagent
and by cooling the sample and reaction vessel. However, a
greater increase in selectivity and end product enrichment
could be realized by a more judicious choice of IR laser fre-
quency or frequencies. Our technique allows us to rapidly assay
relative isotopic dissociation probabilities and choose appro-
priate wavelengths to provide both high selectivity and high
yields. Our studies only require microscopic quantities of iso-
topically enriched reagent (i.e., a few micrograms). In a system
analogous to those of Ritter and Freund one should observe
macroscopic isotopic segregations consistent with an average
selectivity of o > 100 for the dissociation of 12CF,Cl, at 10.7
um (the P(30) line at 934 cm™") and of 1/« =~ 30 for carbon-13
enriched product species at 9.5 um (the P(8) line at 1057
cm™!). These represent substantial increases over the values
of 5 and 1.04 reported previously.

Very few attempts have been successful in the selective
segregation of rare isotopes into product species using IR
multiphoton dissociation techniques. As demonstrated by the
work of Ritter and Freund, the low carbon-13 dissociation
selectivities result in negligible product array enrichments; it
is then preferable to dissociate >90% of the sample with se-
lectivity for carbon-12 decomposition.

By using real-time LEF diagnostics to determine collision-
free dissociation probabilities for each isotopic species, one can
very rapidly assess optimum IR wavelengths for the selective
multiphoton dissociation of rare isotopic species. This allows
one to design experiments to selectively perturb those isotopic
species of lesser abundance. Provided it is possible to scavenge
the initially formed intermediates without encouraging sec-
ondary photolysis, scrambling, or nonselective thermal pro-
cesses, one may realize a maximum isotopic enrichment of
138p max = Rp/Ro = 1/ag for the products.
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Abstract: The J = | — O transitions in CH;!3CN were observed using a beam maser spectrometer at 6-kHz line width (fwhm)
and a '3C-enriched sample. The strongest component was observed with natural-abundance CH3!3CN. Spectra of CH;'2CN
were obtained at higher resolution using Ramsey’s method of separated oscillating fields. For CH3!2CN we obtain egQn =
—42244 2+ 0.7kHz, Cn = 2.0+ 0.4kHz, Cy = —0.6 £ 0.4 kHz,and a J = | — Q transition center frequency of 18 397 783.5
%+ 0.7 kHz. For CH;3!3CN the J = | — 0 transition center frequency is 18 388 681.0 = 2.0 kHz and we obtain egQn =
—4224.6 + | kHzand Cn = 1.9 £ 0.5 kHz. The 13C spin-rotation strength in CH3!3CN was determined in this study to be 3.6

+ 0.2kHz and this leads to a value of ¢, = —11 % 14 ppm.

I. Introduction

Rotational transitions and nitrogen quadrupole coupling
in CH3CN were first reported? in 1950. It is a favorable mol-
ecule for microwave study because of its large dipole moment
(~4 D). More recently, Lamb-dip spectra in the microwave

0002-7863/78/1500-7155%01.00/0

region were obtained by Costain.? Beam-maser transitions in
CH;3;CN and CD;CN were observed in our earlier work,* and
D quadrupole and 1*N quadrupole coupling strengths were
reported.

The relationship between spin-rotation tensor elements and
magnetic shielding tensor elements has been discussed by

© 1978 American Chemical Society
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Figure 1. Recorder tracings of experimental spectra of F\" = 1 (a) and F}/
= 0 (b) components of J = 1 — 0 transitions in CH3!2CN. Frequencies
are in kilohertz relative to the line center at 18 397 783.5 kHz.

Ramsey? and by Flygare.6 This relationship was recently used
to determine proton magnetic shielding tensors for H,CO and
NH;.” Values of 13C magnetic shielding components from
molecular-beam studies of '3CO8 and O!3CS? have been
used!9 in conjunction with theoretical values to establish an
absolute 1*C chemical shielding scale. In the present study, the
relationship between spin-rotation constants and magnetic
shielding constants for CH3!3CN was of particular interest
because of the apparent disagreements in the chemical
shielding anisotropy and isotropic chemical shifts for studies
carried out in the nematic liquid crystal and in the solid phases.
Polarization transfer results for solid CH3!3CN gave a value
of ¢; — o, = 204 ppm!! and ¢,, = 47 ppm (relative to
‘3CSZ‘2) for the 13C of the nitrile. Independent studies!2!3
of CH3!3CN partially oriented in the nematic liquid crystal
phase gave anisotropies of 302!2 and 307 ppm!3 but isotropic
shielding values are close to the standard liquid-phase value
of 76 ppm (relative to '3CS;1012). It was generally believed
that such large disparities could not be due to medium effects
alone and that the gas-phase results would be in better con-
formity with one or other of the two sets of data.

In the present work the !3C spin-rotation interaction
strength is obtained from molecular-beam measurements. The
“gas-phase” value for the spin-rotation constant is used to
obtain the paramagnetic contribution to the magnetic shielding
tensor. Combining this result with recent, accurate semiem-
pirical values for the diamagnetic contribution to the shielding
gives the total value. This value is compared with the solid-
phase and liquid-crystal-phase results as well as with the the-
oretically determined value.

I1. Experimental Section

The spectra for the J = | — 0 transitions in CH3!2CN and
CH313CN were recorded using a molecular beam maser spectrometer.
The spectrometer was described earlier.!’ The basic design is similar
to the original maser.!¢ For the present measurements a 0.1-mm
heated-nozzle source was used. The best spectra were obtained with
the nozzle temperature at 60 °C and the sample at 55 °C.
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Figure 2. Computer-averaged experimental spectrum for the F’ = 0
component of the / = | — 0 transition in CH3'3CN. This spectrum was
obtained for 13C in natural abundance in a sample of acetonitrile. The open
circles are experimental points and these are connected by the solid
line.

The CH;3'2CN spectra were recorded using a two-cavity system!3
to obtain Ramsey-type spectra with better resolution. The width of
the central resonance was about 0.4 kHz. The two-cavity spectra are
somewhat weaker than single-cavity spectra, but this is not a problem
with CH3!2CN since we can use 10-15 g in a single run. The J = |
— O rotational spectrum of CH3!2CN consists of three groups of lines
with Fy’ = 0, 1, and 2. The angular momentum operator F; = I +
J, where Iy and J denote the nitrogen nuclear spin operator and ro-
tational angular momentum operator, respectively, and F, refers to
the J = | state. A typical spectrum for the F\' = 1 and F}’ = 0 com-
ponents is shown in Figure 1.

The CH;3!3CN spectra were recorded using the more conventjonal
single-cavity system giving the Rabi-type resonance. Cavities of 18-
and 25-cm lengths were used, and the observed line width was 5.5 kHz
(fwhm). The F\' = 0 component of the J = | — 0 transition for
CH;3!3CN could be observed using the natural abundance of 13C in
the CH;CN sample. Ten spectra were recorded on a digital tape re-
corder and the averaged spectrum is shown in Figure 2.

The Fy’ = | and Fy/ = 2 components are weaker than the F" = 0
component, and 13C-enriched samples were used to obtain data more
quickly and efficiently. The sample of acetonitrile-/-13C was prepared
by the following procedure: a thick-walled test tube was charged with
1.5 g of potassium cyanide-13C (>90% isotopic enrichment; purchased
from Koch lsotopes, Cambridge, Mass.), washed in with 3 mL of
water, and 4.9 g of freshly distilled methyl iodide. and then the tube
was sealed off and shaken at room temperature for 24 h. The contents
were fractionally distilled to yield an acetonitrile-water azeotrope
(80:20), 1.7 mL, 95% yield.

II1. Data and Analysis

Analysis of the hyperfine structure splitting of the J = 1
rotational state of CH3!2CN and CH3!3CN is done in the
coupled representation. The analysis in the uncoupled repre-
sentation is more straightforward but the initial matrices are
larger and many more calculations must be performed.

When doing calculations in the coupled scheme, it is very
important to define consistent coupling schemes in both the
laboratory and molecular frames to obtain a self-consistent set
of phase factors for all interactions. In a coupling scheme of
the type J = j; + j, it is very important to identify 7, (and j,)
with the same nucleus for all interactions. The phase factors
do not present problems with diagonal matrix elements but can
cause errors when more than one term in the Hamiltonian gives
off-diagonal matrix elements. The spin-rotation terms are
normally defined in the laboratory frame and most easily
calculated in that frame. The spin-spin interactions must be
calculated in the molecular frame coupling scheme presented
by Van Vleck.!? Attempts to calculate spin-spin interaction
matrix elements in the laboratory frame coupling scheme using
the methods given by Edmonds!® will yield incorrect results.

The coupling schemes we used for analysis of CH;'2CN and
CH;!3CN data are as follows.
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Table I. Results of Measurements and Calculations for Two-
Cavity Measurements on CH3!2CN«
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Table II. Hyperfine Interaction Strengths (kHz) Obtained by
Fitting Data for CH3!2CN and CH3'3CN J = | — 0 Transitions?

F/ F measd data caled dev CH;!2CN CH;!3CN
0 1.5 1839989178 210832 210829 —0.03 g0 —4224.4£07 —4224.6 % 1.0
2 25 18398 004.41 22095 22104 0.09 Cn 2004 1905
215 213.95) _ Cu —0.6 % 0.4
2 3.5} 18 397 995.60 20214 { 209.35} 1.26 i 6102
205 1839798677 20331 20365  0.34 Dnu 0.235
I 05 1839673438 —1049.09 —1049.14 —0.05 Dun 20.49%
I 25 1839672602 —1057.45 ~—105737  0.08 Duc 2.065
I 1.5 1839671979 —1063.68 —1063.74 —0.06 Dnc 1.415

@ The data shown gives measured frequencies relative to the line
center at 18 397 783.46 kHz. The standard deviation for the fit is 0.6
kHz. The (F,F’) = (2, 1.5) and (2, 3.5) components were not re-
solved.

For the laboratory frame

J+IN=F1 IH+F|=F2 Ic+F2=F
and for the molecular frame
J=F|+iN F|=iH+F2 F2=F+ic

where I represents the total spin angular momentum of the
protons (3 here since we observe K = 0 states) and I¢ is the
spin angular momentum of !3C. The I are reversed-spin (in-
ternal) angular momenta as discussed by Van Vleck.!7 The
total laboratory frame angular momentum is denoted by F and
is identical with F, for CH3!2CN. The terms in the Hamilto-
nian for the nitrogen quadrupole coupling and nitrogen spin-
rotation interactions have been discussed in a number of
places#!9:20.21 and are not repeated here. The terms in the
hyperfine Hamiltonian due to proton and '3C spin-rotation
and all spin-spin interactions are as in eq 1, where

Dnne = pneN'ran T3 (3 cos? 8 — 1)/2
®(L) = LIL+ Q2L + 1)
0(J)y = [1 = 3KYJ(J + D[R /(2] — 1)(2J + 3)]1/2

in which 3 is the angle formed by ryn- and the C; axis. These
expressions were developed using the methods of Ed-
monds. '8

The results of the measurements and calculation for
CH;'2CN are shown in Table 1. The coupling parameters
obtained here conform to the previous results,* but the confi-
dence in these numbers is increased since all components except
one pair of lines was completely resolved. Accurate parameters
for CH3'2CN were needed to perform the fitting of the
CH;!3CN data. The CH;313CN data is not so well resolved and
can be fit with much more confidence if it is only necessary to
adjust the !3C spin-rotation interaction.

The Fy’ = 0 component of the J = | ~— 0 transition in
CH;3!3CN is a single line as it is for the '2C molecule, and it
was recorded in natural-abundance CH;!3CN at
18 390 789.58 kHz as discussed above. The experimental
spectrum for this component is shown in Figure 2.

The Fy’ = 1 and F,’ = 2 transitions have six and eight
components, respectively, and these were not completely re-
solved. For these transitions the '3C spin-rotation interaction
strength was adjusted to obtain the best fit of the calculated
line shapes to the experimental spectra. The !3C-N and '3C-H
spin-spin interactions were calculated from the molecular
geometry and nuclear magnetic moments.> The “best-fit”
value for the 13C spin-rotation interaction is C¢c = 3.6 £ 0.2
kHz. Transition intensities for calculated spectra were com-
puted using relations given by Thaddeus, Krisher, and Loub-
ser.!% The F)’ = 2 components were more sensitive to changes

@ Spin-spin parameters (D;;) were calculated from nuclear mo-
ments and molecular geometry. ¢ Calculated from nuclear moments
and geometry.

G = CH(_1)1+J+F1+F1’+IN+1H+F2[¢(1H)¢(J)(2F1 + 1)
Fy IHJ lJ Fy IN

Iy FiJlF, J 1
+ CC(_1)IC+F+F2+F2’+IH+2F|+J+IN[4>(1C)4>(J)

X (2F + DQ2FY + D(2Fi + DQFY + 1)]/2
XlF Fy Ic}lFl’ Fy Iy lJ F\ IN
l Ic F3\F2 Fy 1V JIFy J 1
+ DnuO(J) (=) 1+ RF A [308(IN) 2(TH) (2F + 1)

X (2F, + 1)]'/2 |1F2

Fy Fy 1
In Fy F,
2F, + 1/2xl
( 1 1)] F] IH 1 IN IJN 12

+ DO (J) (= 1)/ +HINFFV+F1+Fa+3lha/9)
X [@UIp)(2F + D)(2F, + 1)(2Ig — 1)(21y + 3)] /2
!IH Fy FZJ 'F,' J In
Fy Iy 2 J Fy 2
+ DNCQ(J)(—1)F2+IH+F1’+Ic+F2’+Ic+F [30‘17(1N)‘17(1C)
X 2F + D(2FY + DQRF2 + 1D(2FY1)]/?

’ ’ ’ Fl’ Fl !
le FY F|(Fy FY In ), ;! |
Fr Ic 1J1lF, Fy 1 NN

2 JoJ 2

+ DucO(J) (=) Fr+IN+HI+1+IcH PR30 (1) (1 )
X (2F + DQRFY + D(Q2F, + DQFY + 1)]Y/2

e By VP e s
<l 2 THm e N
Fy Ic 1 J R 2
F\' Fy 2

in Cc¢ than the Fy' = | components. The line-shape-fitting
procedure also allowed determinations of center frequencies
for Fi” = | and F’ = 2 groups of components. The parameters
obtained are given in Table II.

The experimental and “best-fit” spectra obtained by com-
puter fitting data for F’ = 2 and F,” = 1 groups of lines for
CH313CN are shown in Figure 3. The center frequencies for
these groups are 18 388 894.2 kHz for F; =2 and 18 387 623.0

kHz for Fy = 1.

IV. 13C Spin Rotation and Magnetic Shielding

The elements of the nuclear magnetic shielding tensor (o)
can be written as a sum of the diamagnetic and paramagnetic
components.’
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Figure 3. Tracings of experimental spectra and "“best-fit” spectra (open
circles) obtained by computer fitting for the F; = 1 (a) and F, = 2 (b)
components of the / = | — 0 transitions in CH3!3CN. The positions and
relative intensities of the components of the two-line groups as obtained
by the computer fitting are indicated by the sticks below the spectra.
Frequencies are in kilohertz relative to the line center at 18 388 681
kHz.

Jl

= d
Oxx = Oxx® + 05xP

It has recently been shown possible!4 to use semiempirical
molecular orbital (MO) theory to obtain diamagnetic shielding
components which are in very good agreement with the ab
initio results and the empirical atom-dipole results.2? Para-
magnetic components are much more difficult to calculate by
any method, but these may be obtained from the elements of
the spin-rotation tensor.3¢ There are also two contributions
to the elements of the spin-rotation tensor. The classical con-
tribution due to the motion of the molecule may be easily cal-
culated from a knowledge of the molecular geometry, and it
is of positive sign. On subtraction of the nuclear contribution
from the total measured value, only the electronic part remains.
The electronic contributions to the spin-rotation tensor ele-
ments are directly proportional to the paramagnetic shielding
elements so the paramagnetic term can be written as

axxP = (Mp/zmgN)(Mxx/Gxx)
= (e¥/2mc?) 3 (Z/ra®)(n® + 247)

where M, is the proton mass, m is the electronic mass, gn is
the nuclear g value, and M, /G, is the ratio of spin-rotation
constant to rotational constant in the x direction. The spin-
rotation tensor component perpendicular to the symmetry axis
(a axis) is
C, =3.6%+02kHz
(Myx = —C, sothat M | = —3.6 kHz)

From the above equation this leads to a paramagnetic shielding
tensor component perpendicular to the symmetry axis:

oc,P=—418 + 14 ppm
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The theoretical value!* of ¢ | ¢ = 407 ppm may be compared
with the atom-dipole2? value of 406 ppm.!? Since ab initio
values are usually within 1%, we estimate an accuracy of £4
ppm for ¢ | 4. Combination of these results

6, =c,P+¢,9=-11% 14 ppm

corresponds to the gas-phase value of the shielding component
perpendicular to the C; axis of the CH;'3CN molecule. It is
of interest to compare this value with those based on recent,
direct, condensed-phase NMR measurements. In the cross-
polarization experiments on solid CH;!3CN, Kaplan et al.!!
obtained oy — ¢ = 204 & 6 ppm and an isotropic value of ¢
= 46 £ 16 ppm (we are assuming a +6 ppm accuracy in the
experimental measurement and 10 ppm for the absolute scale
of 13C chemical shielding!?), and hence for the solid ¢, = —22
+ 18 ppm. The two independent NMR studies'?!? of
CH;!3CN oriented in the nematic liquid crystal phase gave
results which were within the experimental error. In the first
of these!2 o) — 0 = 302 £ 8 ppm, which may be combined
with the isotropic liquid value of 76 + 10 ppm to give 0|, =
—25 4 13 ppm. Thus, one has the very awkward results that
o for CH3'3CN in the condensed phases are within the ex-
perimental error of the measurements, despite an approximate
100-ppm disparity in the shielding anisotropy and about a
30-ppm difference in the isotropic shielding values. Our present
gas-phase value for ¢ is in agreement with these values.

An ab initio calculation?? for CH;'*CN by means of per-
turbed Hartree-Fock theory with contracted Gaussian-type
orbitals led to values of ¢ | = 10 ppm and ¢y = 290 ppm, so
that the calculated anisotropy of 280 ppm is in closer con-
formity with the liquid-crystal results.

We are not aware of any other study in which gas-phase
shielding components have been compared with values ob-
tained in the solid phase. In the multiple-pulse work on solids,
it has been consistently noted2? that there is a downfield iso-
tropic shift in going from the liquid to the solid phase. In most
cases the shift is not mugh greater than the experimental errors
of 6-14 ppm. However, CH3'3CN and C4F appear to be ex-
ceptional with shifts of about 30 and 20 ppm, respectively.

The importance of medium effects and gas-to-solution dif-
ferences in chemical shifts has been a subject of interest for
many years2> and is of particular importance because the
calculated results apply to the isolated gas-phase molecule,
whereas almost all measurements have been performed in the
condensed phases. There have been a number of recent stud-
ies26 of the density dependencies of !3C chemical shifts and
gas-to-solution values of the isotropic values.
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Abstract: 13C NMR relaxation parameters, Ty, T», and NOE, have been calculated based on a model assuming internal rota-
tional diffusion subject to boundary conditions limiting the range of motion. Numerical results are presented as a function of
diffusion coefficients Do and D; and the angle 8 defined as in the free internal rotation calculation, as well as 26, the allowed
range of motion. Relaxation times vary from the values expected in the absence of internal motion to values slightly below those
calculated using the free internal rotation model as the range is increased from 0 to 360°. The discrepancy in the latter compar-
ison arises from the boundary condition preventing diffusion from 180* to 180~. Changes in T are typically monotonic or
nearly monotonic as a function of 8; however, changes in T and NOE values are markedly nonmonotonic for Dy < 10¢s7!and
for certain values of D;, Criteria for the applicability of the present calculations to the analysis of 13C NMR relaxation data
obtained in studies of macromolecules undergoing restricted internal motion have been suggested. The results have been gener-
alized to the case of multiple internal rotations, specifically for the problem of one free and one restricted diffusional process.
In general, the two types of rotation are not commutative. This model has been applied to relaxation data recently obtained for
the methionine methyl resonances of specifically 13C-labeled dihydrofolate reductase obtained from S. faecium. The results
indicate that the data can be readily explained by assuming rapid free internal diffusion about the S-CH 3 bond and restricted
internal diffusion about the CH»-S bond of methionine, such that for the broadest resonances the motional range is restricted
to ~90° and for the sharpest resonances the range is > 180°. Restriction of the motion allows a significantly better fit of the

data than can be obtained using a model based on two free internal rotations.

I. Introduction

The use of NMR relaxation measurements to obtain dy-
namic information is based on models which relate the calcu-
lated spectral densities to the relevant physical parameters.
Models currently in use can be divided into two categories: (1)
diffusion over a continuum (isotropic or anisotropic) as de-
scribed by a diffusion equation!-® or by collision theory!? and
(2) jumps between several discrete states. The secand class has
been developed extensively to describe the relaxation effects
of jumps between discrete states in a variety of solids!! and
group-theoretical methods have recently been applied to obtain
general solutions.!2 Applications to macromolecules for which
overall diffusion is also important have also been devel-
oped."13-17 We have recently shown that a two-state jump
model superimposed on overall isotropic diffusion provides a
satisfactory approach for the calculation of spin lattice re-
laxation rates due to ring puckering in proline-containing
peptides.!® Both approaches have been generalized to a series
of successive rotations!*!? or jumps!4!7-20 applicable to
complex biomolecules. In the present study, a third type of
model is considered: free internal diffusion over a restricted
range imposed by boundary conditions on the solution of the
diffusion equation. Computationally, this approach differs
from previous work?! in that the relevant autocorrelation
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function must be expressed as an infinite series of exponentials.
Fortunately, the series is rapidly convergent so that typically
only a few terms need be considered. It is thus relatively easy
to obtain numerical results for the desired relaxation param-
eters.

The need for an understanding of the contribution of re-
stricted diffusion to nuclear magnetic relaxation rates arises
primarily in the study of complex biomolecules in which re-
stricted internal motion of parts of the molecule is the rule
rather than the exception. For example, recent 13C NMR
studies of 90% methionine-methyl-13C labeled dihydrofolate
reductase from S. faecium?? indicate that internal motion in
addition to the expected rapid methyl rotation is significant.
Alternatively, the data cannot be explained by using a model
which assumes free (unrestricted) rotation about two or more
bonds. It was also found that sharper peaks exhibit longer '3C
T, values and somewhat larger NOE values than broader
peaks. However, models based on one or more free internal
rotations predict that if the overall motion is in the slow tum-
bling region, faster internal motion leads to longer T values
but smaller NOE values.”»23 Thus, explanations of these results
using models in which only the rates of internal or overall
motion can be varied cannot accommodate the data. The
present calculation, while employing idealized boundary
conditions, provides a reasonable interpretation of this data
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