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Spin dynamics(SD) methods have been developed to compute NMR paramagnetic relaxation
enhancement$NMR-PRE produced by solutes with electron spB® 1 in solution. The spin
dynamics algorithms, which are implemented as the computer program SpinDyn.f, are similar in
spirit to molecular dynamics calculations in statistical mechanics, except that the spin motion is
propagated numerically in time using quantum mechanical equations of motion of the spin
operators, rather than Newtonian equations of motion of the molecular degrees of freedom as in MD
simulations. SD simulations as implemented in SpinDyn.f provide accurate, flexible, and rapid
calculations of NMR-PRE phenomena with few of the assumptions or limitations of previous
analytical theories. The program calculates inter- and intramolecular NMR-PRE phenomena for
both integer and half-integer spin systems processing under arbitrary Zeeman and zfs Hamiltonians
in the presence of Brownian reorientation. Isotropic Brownian reorientation is simulated by means
of a finite-step algorithm with adjustable step size. Simulations computed by SpinDyn.f have been
used in a systematic study aimed at better understanding the influence of Brownian reorientation on
the NMR-PRE of ar=1 ion in a hon-Zeeman-limit physical situation. Conditions required for the
validity of zfs-limit analytical theory are given. SpinDyn.f has also been used to assess
quantitatively the effects of molecular reorientation on a prior analysis of NMR-PRE data for the
modelS=2 complex iontris-(acetylacetonatdmnanganeddl )] in acetone solution; this system was
found to be well described by zfs-limit analytical theory. 1®97 American Institute of Physics.
[S0021-960627)01022-2

INTRODUCTION zfs-PAS. Analytical theory has also been developed to de-

NMR i relaxati h VR scribe NMR relaxation in this intermediate situatfori? but
paramagnetic relaxation enhanceme ) only in the limit of slow molecular reorientation, in which

PRB, i.e., the enhancement; of NMR _reIaxa'upn rates tha{he motion of the electron spin is treated as it would be in a
are produced by paramagnetic species in solution, have been . ) . .
. : : . glass. This approach, for which computer implementations
used widely as a source of experimental information con- . 014 : :
. . . icaf® availablé®* is appropriate when electron spin relax-
cerning molecular structure, Brownian motion, and chemlcaation is rapid compared to molecular reorientation. This is
exchange kinetics in solution. They have also provided valu- ted tp be th P ¢ lecules but t.
able information concerning the electron spin relaxation_?xr;ecle 0 Ie (Iacase_ Oh malcromo ecules but not hecessar-
properties of paramagnetic ions. For electron s@nsl, the 'Y '0F 'OW mlo eclu ar weight so utefs. - solute |
zero-field splitting(zfs) interaction is nonzeréexcept by rea- Fast molecular reorientation of a paramagnetic solute in-
son of symmetry; and the theoretical analysis of NMR-PRE troduces stochastic time dependence into the electron—
phenomena is complicated by the nature of the spin prece§—UC|ear dipole—dipole coupling interaction, which can have
sional motion which occurs in the presence of competingMPortant effects on NMR-PRE phenomena, and which ap-
Zeeman and zfs interactions. At high laboratory magnetid®@@r in the theory in three ways. First, in the intermediate
field strengths where the Zeeman Hamiltonian is much largef€9ime Hzeen~Hzrg), the electron spin precessional fre-
than the zfs HamiltonianH.er> Hare), the precession of duencies depend on the relative orientation of the molecular
the electron spin is quantized along the external Iaborator;ﬁmfj Ia_boratory coordinate fr_am_es, so that Brown_ian reorien-
magnetic fieldB,. This situation is described by the tradi- tation introduces a stochastic time dependence into the pre-
tional Zeeman-limit theory developed by Solomon, cessional motion. Secondly, stochastic time dependence in
Bloemberger?;® and Morgad (SBM theory. At low mag- the zfs interaction provides a physical mechanism of electron
netic field strengths Hyeeni<Hzrs), the precession of the spin relaxation. And thirdly, reorientation of the quantization
electron spin is quantized along molecule fixed axes, specifdxés of the electron spin modulates the spatial variables of
cally along the principal axis system of the zfs ten&ds-  the |-S dipolar coupling. For these reasons, fast molecular
PAS). Analytical zfs-limit expressions, which parallel in reorientation introduces strong coupling between the motions
form those of SBM theory, have been derived for bothof the spin and spatial variables, so that their ensemble av-
intramoleculat and intermolecularelectron—nuclear relax- erages cannot be computed separately.
ation. In the intermediate regime wheky.,~Hzs, the The closed-form Zeeman-limifSBM) and uniaxial
precessional motion becomes more complex as the quantizafs-limit*® expressions do account for effects of reorienta-

tion axes shift between the external field direction and theional motions by including appropriate terms in the dipole—
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dipole correlation timgsee below, but the effects of reori- bility of the zfs- and Zeeman-limit analytical theories and for
entational motions have not been incorporated in theharacterizing, qualitatively and quantitatively, the devia-
analytical theories that describe the intermediate regiméions from analytical theory that are produced by rapid
(Hzeent=Hzeg); analytical theories appropriate to these latterBrownian reorientation. To carry out this objective, we have
situations can thus be called “slow motion” theories. For-first tested the performance of the algorithms of SpinDyn.f
malisms based on the stochastic Liouville equatiShE) against the results of prior analytical theory in the limiting
have been developed as a more general approach to the praibow motion regimes. Next, we have surveyed the nature and
lem. For this purpose, the SLE has been formulated in anagnitude of departures from the limiting slow motion be-
mixed basis of infinite dimension consisting of product func-havior that are produced by fast Brownian reorientation for
tions of classical(spatia) and quantum mechanicépin) an S=1 spin system, and explored the situations in which
variables, and solutions have been derived in two forms: as these effects can appropriately be described by zfs-limit
hierarchy of coupled differential equations by Freedtheory. The simulations described below involve specifically
et al,'®® and by Hwang and co-worket$72° and as the the intermoleculatsolvent—soluteNMR-PRE, although the
inverse of an approximate Liouvillian matrix, by Westlund, theory developed describes both inter- and intramolecular
Kowalewski, and their co-workef8-?° These formulations, relaxation, and the program SpinDyn.f handles both situa-
which are complex, can be simplified considerably by thetions. The effects of Brownian reorientation on the intramo-
slow motion or “decomposition” approximatiofi.e., inde-  lecular NMR-PRE are more complex than are reorientational
pendent averaging of spin and spatial variahlesd this  effects in intermolecular relaxation, and we will address
approximation has been used in the majotityt not alf¥) of ~ them in a subsequent communication.
practical applicationgRef. 26 is an excellent recent review  Finally, we have reexamined, using SD simulations, a
of Swedish work prior analysis*! of solvent'H NMR-PRE data for the model
This paper describes new methods for performing spirS=2 system,[tris-(acetylacetonajmanganesdl!)], which
dynamics (SD) simulations of NMR-PRE phenomena in was analyzed previously using zfs-limit analytical theory.
which the motion of the electron spin is calculated explicitly We used spin dynamics simulations to assess the accuracy of
in the time domain from the quantum mechanical equation ofhe simple zfs-limit analytical theory expressions in describ-
motion using a time-dependent spin Hamiltonian to simulatdng the NMR-PRE for a low molecular weight integer spin
the effects of molecular reorientation. The approach is analocomplex of this kind.
gous to that of molecular dynamics simulations of liquids,
except that the time dependence of the spin operators is
solved using quantum mechanical equations of motion rathefHEORY
than, as in molecular dynamics simulations, from Newtonian
equations of motion of molecular degrees of freedom. We We assume that nuclear spin relaxation is_produced by
show below that the spin dynamics method, as implementethagnetic dipole coupling between the nuclear dpand an
in the program SpinDyn.f, provides a flexible, accurate, anclectron spirs (with spin quantum numbeis S), for which
reasonably fast means of calculating nuclear and electrothe coupling Hamiltonian, written in spherical tensor form
spin relaxation times under rather general physical condi¢SI unitg, is

tions: the method simulates effects of Brownian reorientation 1

) ) . . K

in the presence of arbitrary Zeeman and zfs mterlact|on.s of Hog=3 2 371/2(_1)17q|81>|:(_1!)1, (1)
the electron spin. Among the advantages of SD simulations Mg=—1

is the fact that they are not subject to the limitations of the . h
Redfield theory, and thus provide a powerful platform for

simulating electron spin precessional and relaxation behavior _ _3g2 Mo 5
under quite general physical conditions. The program incor- %~ —30™%980 A @
porates a finite-step algorithm with adjustable step size to

simulate isotropic reorientation. The time-domain SD com- 1%1=%2"*.., ()
putational approach is very flexible and can readily be modi- (D) 4
fied to accommodate more complex kinds of motion, as, for oz @
example, anisotropic reorientation, effects of internal mo-y, is the nuclear spin magnetogyric ratig,is the electron
tions, or models that incorporate both large- and small-steppin g-value, B¢ is the Bohr magnetory is the magnetic
angular motiong”?® This approach can also be combined permeability of free space, andis the | -S interspin dis-
with molecular dynamics simulations, thereby providing atance.F(!) is the first rank tensor formed from the “lattice”
much more realistic description of molecular motions than isvariables,S, , , and (#,¢), the polar angles which specify
possible using analytical mathematical models. The comthe orientation of the interspin vector in the laboratory coor-
bined use of spin- and molecular dynamics simulations hadinate frame, where external magnetic fidlg defines the
been pioneered in recent work of Odeletsal***°in a study  laboratoryz axis. F(*) is the first rank tensor product
of the hexaaquanickéll) ion.

In work described below, we have used spin dynamics FO={sVoC@}®, ®)
simulations as an aid in understanding the limits of applicawith components
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L2 121 4| &
F5n“=p2_1q2_2(—1>1—qs1’2(pqm)sﬁ,“c;z)(e,go). (Rypa) '=-3"" 2( z )pzlcﬂpc-m
6) (2) | (2)
J’ +_‘]_ p(6’1<P t) Y—l—p’(01¢;0)
S is the first rank tensor composed of the electron spin 0 rs ro
variables, the componentsg”) of which are defined analo-
gously tol V. C?(6,¢) are components of the second rank sV (1150 Xl — i ot
tensor formed by the polar variablég ¢), given by (S0 p ( 2 enav A=iont)
(2) ’ ’. Y(2) .
ng)(9:¢):(47T/5)1/2Y§(0,(p), ) +|Y1p(z o) Yo p’ /(0,9;0)
r r
WhereY§(0,<p) are spherical harmonics. L "
Evaluation of the 3} symbols in Eq.(6) gives the fol- x(S; )(t)Spr (0)) expl+iwt)d t,
lowing explicit form for the components dF(%), enav
11
47\ V2 1L . N
|:(1>:<_) 2 CroSIY2 (9,0, (8) wherer, andrare the interspin distances tat 0 andt, re-
m 5 =, M M spectively. Prior slow motion theory and the “decomposi-

tion” approximation(see abovehave assumed that the mo-
with tions of spatial and spin variables occur on different time

scales so that their time correlation functions can be evalu-

ated separately. The primary objective here is to remove that

— —10-12 o
Ci141=C-1-1=10"7% restriction.
The time correlation functions of the electron spin com-
Ci10=C_10=—3Y210712 porjents can be evaluatgd by 'vv'riting the spin operators in the
Heisenberg representation, giving
12, 71/2 .

Co+1=Co-1=3"%10 (SP(1)S,)(0))=Trexgin *Hg()) S

_iz—1 (1)
Cip 1=C_q,,=3%2.5712 Xexp(—ifim " Hg(HD)S, 1. (12

whereHg(t) is the electron spin Hamiltonian. We consider
Coo=—2Y2.5712 the situation forS=1 ions, whereHg is a sum of Zeeman,
zfs, and hyperfine contributions,

The dipole—dipole part of the paramagnetic relaxation B
enhancement for the nuclear sfip and T, relaxation rates (1) =Hzeen{t) + Hzr(t) + Hpe(t).
can be written in terms of the componentsrdf) as

(13

All terms in general fluctuate stochastically due to the effects
of Brownian motion. We neglect the hyperfine term as well
a1 o7 F ( ) F (0) ) as the time-dependent part &f,..{t) (i.e., that due to
(Ripg) "=3 "« f r3 3| exp(—iot) g-anisotropy, since these terms, which can provide impor-
0 tant spin relaxation mechanisms 8+ 1/2 species, are nor-
FO ) FY0) _ mally negligible compared tbl(t) for S=1 ions. Writing
I - B eXD(th)} dt, (9  the Zeeman term in the laboratory coordinate frame and the
0 enav zfs interaction in the molecular-fixed zfs-PAS, gives

(Rop.a) 1=2 X (Rypg) Hs=0BoBoStY + (3D +heE(S 3 +52)),
(14)

o (7] [Fe® F&Y(0)
+3 Tk fo r3 rg dt whereD andE are the uniaxial and rhombic zfs parameters
enav of esr spectroscopyh is Planck’s constant, and is the
(100 speed of light. Equatiofil4) is written in mixed coordinate
systems. The electron spin operators written without a super-
Curly brackets denote a thermal ensemble average with recripting caret are defined in the laboratory coordinate sys-
spect to spatial variables, and square brackets denote a trateen and those with a carég.g., S(l))m the molecule-fixed
over the spin variables. Substituting E§) into Eqgs.(9) and  zfs-PAS. The latter can be transformed to the laboratory
(10) gives frame using the Wigner rotation matrices,
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R +1 whereN is the number density of paramagnetic spins, can be
SEJ')= E SS,)DS,)]p(a,By), (15 computed separately. Various forms are avaif¥bf& for
pr=-1 Gy(t). We have used the expression of Toffeyand
wherea, 3, v are the Euler angles which effect the transfor- Abragani* describing translational diffusion of a sphere of
mation (laboratory—PAS), giving diameterd, and a mutual diffusion coefficiend,=(D;
_ 1) +D,) for solute/solvent diffusion:
Hs(t)=9B0Bo

Gu0)= ga | [3antu) 1 p(_ZD“ Zt)d” (20)

)= 73 aAU) [~ €X 7 ut)—,

+(9"eD2 {S DByt o d U

whereJ,(u) is a Bessel function. Alternatively, the transla-

tional time correlation function of Ref. 35, which accounts

for the effects of excluded volume of the solute and is

D (2) slightly more accurate than E(0), could have been used.
+S, Dy Lo(aByt)}. (16 In simulations described below, the integral (20) was

In Eq. (16), the time dependence bf(t) lies entirely in the evaluated at discrete time intervals by numerical integration

Euler angles(aBy), which fluctuate due to Brownian reori- and the results used to construct a look-up table of

entational motion. Time dependence can in general also 0o&u(t),which was accessed by interpolation using a cubic

cur in the zfs-paramete andE, which provides a mecha- SPline algorithm.

nism for electron spin relaxation. This relaxation

contribution is not simulated directly but rather is described

+th§p‘, {SPDY) y(aByit)

by the parameters, (see Eq(21 below. IMPLEMENTATION OF SPIN DYNAMICS
SIMULATIONS
INTRAMOLECULAR RELAXATION The time correlation functions of Eq11) were evalu-

In this case, the interspin distanagr(,) is constant, and ated_ numerically by constructing an ensemble of trajectories
the orientation of thé —S vector is fixed in the molecular (tyPically several hundredof the time dependence of the
coordinate frame, specified by the polar anglesSPin operators a}nd spatial fl_mctlons. chh spin trajectory was
(@,&).Transforming the spherical harmonics in Ed.l) computed by dlr_ect numerical eva_luat_lon of E¢s2) and
from the lab to the molecular coordinate frame gives (16), where the “”?e dependence lies in the .Euler angles of

Eq. (16). The starting Euler angles were defined by the 92
2 _ 2), %~ 2 vectors from the origin to the 32 faces and 60 vertices of a

Yq >(0‘P)_§ Yg’)(ﬁ‘p)D;’)’q(a'Bw' A7 truncated icosahedrortbuckeyball. Molecular reorienta-

. . . tional diffusion was assumed to occur in discrete step with a
In(zt)thabsenf:e of internal molecular motion, the functionsnitorm step intervalr, . At each reorientational step, the
Y, '(6¢)are time independent and calculable from a knowl-mgjecular coordinate frame was rotated about an axis orien-
edge of the static molecular structueessuming that the ori- tated randomly in the laboratory frame, with the rotation
entation of the zfs-PAS is knownin spin dynamics calcu- angle chosen as a random Gaussian deviate of standard de-
lations of intramolecular relaxatioR,, is evaluated directly  yiation o; from mean zero. The time interval between
from Egs. (11) [after substitution of(17)], (12), and (16),  reorientational steps was set equalAd/n, with n,=30 in
using an ensemble average of trajectories in which the timg, st simulations £4) is the reorientational correlation time

dependence of the spin and spatial variables is determined Ry an Ith rank molecule-fixed tensor
the motion of the Euler angles:(3y;t). v = 7/1(1 + 1)whererd) is Debye’s correlation time for

a molecule-fixed vector This value ofn, was found in trial
INTERMOLECULAR RELAXATION calculations to provide a conservative simulation of the

small-step diffusion limit(see below. The following rela-

For intermolecular relaxation, the variablgse), which . . . . . ; .
) . . : tion, which was determined by numerical simulation, exists
define the orientation of thé—S vector in the laboratory )
betweenn, and o

frame, are time dependent due to translational diffusion.
Their motion is, to a good approximation, uncorrelated with o= 7/0.3037h,.
the Euler angles¢Bvy), which specify molecular orienta-

. i X . . ) In calculations,n, was first set to the desired number of
tion. Thus the time correlation functions for spin motion,

reorientational steps pef;l) interval, ando; was calculated.
Go(t)={(S;"(0)- ST (1)) }en aw (18) At successive reorientational steps, the jump angle and rota-
tion axis were selected randomly as described above, and the
Wigner rotation matrix elements were calculated and used to
Y2 (0 ¢';t) Y2 (09:0) rotate the molecule-fixed coordinate axes fromrtteto the
Gu(t) = NJTL 3 (n+1)st orientation. Then the Euler angles, the Wigner ro-
tation matrix elements needed in E¢$6) and(17), and the
XP(ro[r,t)d r d rg, (19  new spin Hamiltonian corresponding to the+ 1)st point

and for translational diffusion,

3
Jrg r o
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were evaluated. The spin operators were propagated across
then—(n+1) time interval using the HamiltoniaH g(n). 0.10
The spin componentS,(t) (q=x,y,z) were computed
at discrete time intervalsir,,, Wheren is integral and
Torop=7r - 10 describe the precessional motion accurately, it 0.07 - ®
is important thatSy(t) be computed at several time points
per cycle of the highest frequency components of the preces-
sional motion. Cubic spline interpolation provides an accu-
rate representation of a sine wave when the sampling fre- Rlp
quency is at least 6 points per cyéfeThus the sampling
interval 7, Was set to be no more than one-sixth the period
of the highest frequency components ldf: specifically, 0.02
Torop= (27/7TH};) ,whereH;; was the largest matrix element
of Hg, was used in most calculations. This choice of sam-
pling frequency ensured both convergence of the propagator 0.00
and an accurate, though relatively sparse, representation of ] 10 20 30 40 50
the precessional motion. The sampling intervgl,,, after
calculation in this way, was adjusted slightwhen neces-
sary) so that the reorientational step timgwas an integral
multiple of the sampling intervahproprrop: T FIQ. 1. Dependence of _simulgtétjP values on the reorientationql step size.
The propagatorP,=exp(Hgn)t) was computed after nris the number of reorientational steps pff . Parameters as given in the
: . ; : . . . legend of Fig. 6, except!)=1.0x10" s,
each reorientational step by direct evaluation of its deﬂnmd R
series using the newly evaluated Hamiltonian. Successive
terms of the exponential series were computed and coaddggjes, each containing 600 time points, required approxi-
until the co.m.puted term Wa? smal]er than the b|t. size 'nmately 1 min using a 7100/8B0 MHz) PowerMac com-
double precisiorjat around 10 8) which occurred typically puter. The code was written for the Language Systems
after the 9th—14th term. Provision was made to report Congqgtran-77 compiler for the PowerPC. The progré@pin-

vergence failure, although the algorithm is quite robust wherbyn_f) should be portable to other Fortran compilers and can
Tprop IS ChOsen as described above. Numerical propagation gfg supplied upon request.

the spin operators by repeated matrix multiplication can pro- g stated above, calculations were performed to examine

duce a loss of norm of the propagated operators Over prane effect of reorientational step sizas specified by the
longed trajectories. This was found to be a serous problem iBarametem,) on the simulation(Fig. 1). For this purpose,
single precision but not in double precision for trajectoriesqnditions were assumed under whiely, is relatively sen-
involving several thousand steps. , sitive to molecular reorientatiofsee figure legend Simu-
After calculating the propagation step l_nteerHrop a5  Jated R;p values were found to be approximately indepen-
described abover,q, was further shortened if necessary s0gent ofn, for n,>10. Other simulations of this study used

that Tprqu(Tsllo?and_Tprops(TD/102)’ wherersis the elec-  , — 30 which corresponds conservatively to the small-step
tron spin relaxation time and,=a“/D, is the correlation  yitusional limit.

time for translational diffusion. In summarys,,, was in
general set equal to the shortest of the four quantitie
(2@/TH;;), (1§)130), (r4/10), and ¢p/10), thereby ensur-
ing an accurate representation of the spin trajectory with re-  Electron spin relaxation for spi§=1ions arises princi-
spect to precessional motion, reorientational motion, spin repally from thermal modulation of the zfs tens8which can
laxation, and translational diffusion. result both from Brownian reorientational motidh&® and

The length of the trajectory was chosen to be longfrom collisionally induced vibrational damping of the ion
enough that the dipolar time correlation functions decayed teoordination spher& 4 The correlation times,/?) and
a small fraction(usually <1%) of their initial values. This ,, for these two processes are very different, typically
was done by choosing the number of propagation steps suf?)>50 ps vsr,<5 ps in low molecular weight metal com-
ficiently large that the length of the trajectory was equal toplexes, and thus the reorientational and vibrational degrees
the smallest of the following quantitiesz§,, , Sr(Rl), or(for  of freedom can, to a good approximation, be treated indepen-

0.05

SELECTRON SPIN RELAXATION

intermolecular relaxation107p . dently. Accordingly, we write the electron spin relaxation
Trajectories comprise at least 50, and typically severatate 75* as a sum of contributions,
hundred time points, at each of which the dipolar time cor- 1 -1, -1
=Tsr+7sy (21

relation function was calculated. Then the ensemble average Ts
of Eg. (11) was constructed as a sum of 92 such trajectorieslue, respectively, to the reorientational and vibratiofoal

(more if desirefl The integral was evaluated using a cubicdistortiona) modulation of the electron spin Hamiltonian.
spline interpolation algorithr. Calculations of individual ~For S=1ions, it is usual that{®)> 75, so that the reorien-

R, values for a spirb=1 using an ensemble of 92 trajec- tational contributiom—;rl is outside the Redfield limitr,
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describes a process that is physically related to vibrational
relaxation and has a magnitude ranging, according to mo-
lecular dynamics simulatiof$3%%® and IR linewidth
measurement¥, from some tens of femtoseconds up to a
few picoseconds. Because< 2, it is often the case that 150
for S=1ions,7s, can be described by the Redfield thedty,
while 75, cannot.

The algorithms of SpinDyn.f carry out a first principles R 10.0
calculation ofrgﬂ, which is not subject to the limitations of p
the Redfield theory, and which is physically appropriate
within the framework of the phenomenological static spin
Hamiltonian of Eq.(14) and the isotropic reorientational dif-
fusion model described above. No parameteys need be
assumed. On the other hand, a vibrational relaxation time
Ts, IS required as a parameter of the calculation. A first 0.0 T T T |
principles simulation ofrs, has recently been undertaken as 1E-03  1E02  1E0L 1E+00 IE401  1E+02
part of a study of the hexaaqua(N) ion.2®*° This simula- B
tion required a quantum mechanical calculation of the de- 0
rivatives of the zfs tensor with respect to the normal vibra- _ , , _
tional coordinates. as well as a molecular dynamiCSFIG' 2. g:ompanson of the spin dynamics calcu_latlcﬂs;zmbols,.dgshed

v . . . . curve), with results from the intermolecular analytical Zeeman-limit theory
simulation of the collisionally induced vibrational relaxation (slid curves for S=1 assuming zero static zfs interactidd,E=0). Mo-
processes. The calculations are complex and of limited accuecular self diffusion coefficients of the solvezntialnd solute were taken to be

. . . — —9 2 o1 — — 10 7
racy, and we have not attempted to incorporate a simulatioR:1=1.4<10" " m"s = and D,=4.1x10"" m"s™", respectively, and the

P . . . _distance of closest approach wés=0.4 nm. The concentration of electron
of this type into SpinDyn.f. Rather, a field dependent relax spins was 0.020 M. The three pairs of curves in Fig. 2 show the effect of

ation parameterrg, of the form derived by McLachlaf decreasing electron spin relaxation time on the field dispersion profiles of

20.0

5.0

was used: the intermoleculaRy, . In this series,Y) values were(a) 1.0x107! s
(squarek (b) 1.0x 10" % s (diamonds, and(c) 1.0X 10~ s (circles, with
1 1 0.2 0.8 7, very short (102 9).
= + 22
<T5’U> ’T(S(’)Z)) 1+ w?72  1+40%7)’ @2
provided a basis for understanding the qualitative effects to
1 ) be expected whens, is field dependent. These effects are
@:(A 15){4S(S+1)—=3}7,, (23 discussed further below.
U
2_ 2 "2y 1271, PERFORMANCE OF THE SPIN DYNAMICS
Ac=(2mc)(2/3)(D")*+2(E")] (29 SIMULATION
 is the level splittingc is the speed of light, and? is the The performance of the program SpinDyn.f has been

trace of the square of the dynamic part of the zfs tensor fotested with respect to its behavior in the Zeeman and zfs
which zfs parameters a®’and E’. An analogous set of limits, where analytical theory is available for comparison.
expressions to EQs(22)—(24) can be used to describe Figure 2 compares the results of Zeeman-linitE=0) SD
(ré}) when the Redfield theory is appropriate, i.e., whensimulations(symbolg against results computed using ana-
Tgr > T§§>. In this caseA? is the trace of the square of the lytical Zeeman-limit theory(solid curve$. The calculations
static zfs tensofi.e.,, D'=D, E'=E),and the correlation assumed the slow motion limitf~— =), with three values
time is 7). For spinsS>Zoutside the extreme narrowing of 7 : 70)=10"1s, 10 s, and 10'!s. 7, was taken to
limit, electron spin relaxation is in general a multiexponen-be very short,r,=10 ** s, as described above. The SD
tial process for which Eq22) represents a weighted average simulations of Fig. 2 were computed from ensembles con-
of rate constants. A recent detailed anafffsist nonexpo-  sisting of 6x92=552 averaged trajectories. This level of
nential spin relaxation fo65=5/2 in the Redfield limit indi- averaging produced very little scatter in the calculations and
cates that corrections to E(2) are small, on the order of a required about 8 min per point using a PowerMacintosh
few percent or less. 7100.

In the simulations described below we have elected to  The SD results were generally in quite good agreement
fix 7, at its low field valuer(s?g, i.e., to assume7,<1in  with Zeeman-limit analytical theoryFig. 2). For some cal-
Eq.(22). We have done this because it has seemed better, faulations withB, small and bothrs, and &) very long, the
the purpose of understanding the nature of reorientationallgD calculations fell a few percent below the analytical
induced deviations from the analytical theory, to study firsttheory(Fig. 2, top. This divergence occurred because under
the behavior of the NMR-PRE wher , is field independent  these conditions, which are not encountered in practice, the
without injecting an arbitrary parametey into the analysis. SD algorithm prematurely truncates the long-time tail of

Simulations performed withr,—0 and variabler(s?v have  Gy(t). It is well known that translational time correlation
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a. b.
T
~ T

Hzps>>Hzeeman With WpTp@>>1

12.0

209 . o

0.0 T T T T
1E-03 1E-02 1E-01 1E+00 1E+01 1E+02
—_—
B 0

Eloc(o)

FIG. 3. Comparison of the spin dynamics calculati¢ciscles, with calcu-
lations based on the limiting analytical expressions of intermolecular
Zeeman-limit theorysolid line) and zfs-limit theorydashed lingassuming
the uniaxial zfs interaction with=1.0 cni* (E=0). Molecular reorienta-  FIG. 4. Schematic depiction of the origins of time dependence in the
tion of the solute was assumed to be sla{’=0.1 9. Other parameters are electron—nuclear(Sl) dipole—dipole coupling interaction wherH
given in the legend of Fig. 2, excepg’g: 1x10 10g, >Hzeem- (@ and(b) describe the situation for zfs-type precessipreces-
’ sion quantized along molecule-fixed axes, which occurs wﬂeff& 1);
(c) and(d) describe Zeeman-type precessigiantized along the external

functions fall off with interspin distance much more slowly magnetic field, occurring whemwp7f)<1). Panels on the left and right
than do the time correlation functions for intramolecular re_|IIustrate schematically the time dependence in the average local dipolar

. . . . . . magnetic fieId(E(Q;t)), associated witl$, that is produced by Brownian
orientation. Physically, this behavior results from the Contrl'reorientation through a specified set of Euler anglesver a time interval

butions of | -S spin pairs at re|atiVe|_y Igrge .interSpin di;- t. In the presence of zfs-type precessjé@ and (b)], (B(;t)) fluctuates
tances, because the number of contributing dipolar couplingsue both to the change in quantization axisdsolid flux lines, and due to

increases as” and because the effective correlation time forspin relaxation caused by stochastic motion of the zfs-Rédhed flux
intermolecular dipolar coupling increases e9D. Thus lines. In the presence of Zeeman-type precesgiahand (b)], S does not
|-S spin pairs at large distances contribute disproportion_reorient, but relaxation d8 resulting from reorientational modulation of the
ately to the relaxation process, so that the interspin distanca® €150 causes a decrease@i(;1)).
dependence of intermolecular relaxation is much milder than

-6 i i . . .
ther > dependence of intramolecular relaxation. Computament with the results of analytical theory in both the zfs and
tlonallyl, the long time tail o’Gtr.(t) k?ecomes: |mpqrta.n'§ when zeeman limits.
both ng andrs, are long, a situation that is a bit difficult to
simulate becaqse of the large number of translatipnal SteASFFECT OF BROWNIAN REORIENTATION ON THE
needed. Experimentally, however, 821 ions, 75, is al-  FIELD DISPERSION PROFILE

ways sufficiently short to mask contributions of the long- ) _
time tail of G,(t), so that this does not represent a practical  Re€orientational effects on the fdp operate through four
limitation of the program. rather distinct physical mechanisms when the physical situ-

Figure 3 compares a simulated field dispersion profilg2tion is outside the Zeeman limit, and this complexity can
(fdp) (symbol$ for the intermoleculaR;, when the zfs in- lead to some confusion in dlscusspn. For purposes of clarlty,
teraction is nonzero, with fdp’s computed using the analyti-three of thg four mechanlsm's are illustrated schgmatlcally in
cal theories. The simulation was performed under slow moFig- 4, which shows the spin vectors and flux lines of the
tion conditions ¢)—ec)and should agree with analytical '0¢al dipolar magnetic fields due &, andl, at an arbitrary
zfs-limit theory(dashed lingin the low field region and with  Initial time t=0 and at a later timé=r. Flux I'n?S of the
the analytical Zeeman-limit theofgolid line, no symbolsin ~ fransverse components 8f(S, ) are not shown in the fig-
the high field region. An electron spiB=1subject to a ure since the rapid spin precession®fends to decouple
uniaxial zfs interaction=1 cm !, E=0) was assumed these fields from the motion dfand makes them relatively
(see legend of Fig. 2 for other conditionfor a zfs coupling  ineffective as agents of nuclear spin relaxatiatthough this
of this magnitude, the intermediate regime where the precespproximation breaks down when zfs rhombicity is large
sional quantization axis changes from the molecule-fixed zfsand/or electron spin relaxation is extremely rapid
PAS to the laboratory frame occurs at magnetic field Figures 4a) and 4b) illustrate the zfs-limit situation
strengths in the vicinity oB,=1T. As is evident in the (Hy>Hzeem When (g wp>1). In this case, molecular
figure, the spin dynamics simulations were in good agreereorientation is slow enough that the precessio8 & quan-

Hzps>>Hzeeman With WpTp@<<1
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‘ITR B,
FIG. 5. Ry, as a function of reorientational correlation timg for S=1 FIG. 6. Comparison of spin dynamics simulatiosymbol3 with limiting

assuming a u_r;iaxial zfs interaction bf= 1.0 cmt (E=0.0), andaZeeman  apaytical expression for zfs-limit theotpold dashed lingand the Zeeman-
field, Bo=10"" T. Comparison of results obtained from SD simulations |imit theory (solid line), assuming a uniaxial zfs interaction wih=1.0

(filled circles and intermolecular zfs-limit analytical theofgpen circles cm Y(E=). Simulated curves 0 who the effect of varying the soh;ﬂé on
The slow motion zfs-limif(ZFS(SM)) result is shown as a short dashed line the field dispersion profiles of the intermolecuRay, . Tg)values are(a)

with an arrow. The zfs-limit analytical theory was calculated usinggd‘:\ 1.0<10°8 s (circles, (b) 1.0x10°% (diamonds, (c) 3.0x10° % s

correlation time of the form of Eq25) and rg; the form of Eq.(26). Other i (0)_ : . .
conditions are given in the legend of Fig. 2. E)s]:q:igregs with 75;—o.Other physical parameters are given in the legend

tized in the molecule-fixed coordinate frame. Figurée) 4 put is reorientationally decoupled from the precessional mo-
and 4d) illustrate the zfs-limit situationHi ;x> Hzeen) When  tion, the terms “zfs-limit” and “Zeeman-limit” are some-
(1P wp<1), in which case the precessional motion®is  what ambiguous and should probably be avoided.
reorientationally decoupled from the zfs interaction and be-  Figure 5 shows the dependenceRaf, on molecular re-
comes Zeeman-like in character. In both cases, the precegrientation Rip Vs Tgl))when H,>Hzeem In these calcu-
sion of | is quantized along the external magnetic fiBlgl. lations, the polarizing magnetic field strength was assumed
Figures 4b) and 4d) illustrate the local field o5, att=7 to be low enough B,=10"° T) to ensure thatH s
following Brownian reorientation through a specified set of>H .., The calculations assumed a uniaxial zfs interaction
Euler angles ¢87). In Fig. 4b) (zfs-type precessionmo- of D=1 cm ! (wp=1.88x 10! rad-s %), for which the zfs-
lecular reorientation alters the orientation of the PAS ofdecoupling condition £2wp<1)occurs in the vicinity of
Bio(t) and hence the spatial angles of the dipole—dipoler?’<5 ps(or 7&)<15 p9. The results of SD simulations
interaction, as indicated by the solid flux lines. In addition, (filled circle§ are compared with calculations based on the
stochastic time dependence in the zfs Hamiltonian due tanalytical intermolecular zfs-limit theory of Ref. ®pen
Brownian reorientation produces electron spin relaxation, asircles. Also shown in Fig. 5 are results of the Zeeman-limit
described in Eq(21) by the parameters,. The effects of calculation and the slow motion zfs-limit calculati¢ashed
7s, in decreasing the average valueByf(7) are described lines). Ry, is expected to approach the slow motion zfs-limit
schematically by the dashed flux line in the figure. In addi-result[ZFS(SM)] when T(R” is long, and the Zeeman-limit
tion to these two effects, reorientation also alters the precesesult whenrz() 0. The results of SD simulations were
sional frequencies 08 when H~H..m However, this consistent with this behavior, although simulations near the
third effect occurs only in the intermediate regime and everimits 75— 0 and 74— are difficult to perform because
then should be small since only the transverse componengf the large number of steps involved and were not under-
S,y are involved,; fields of precessing transverse spin comtaken.
ponents are not depicted in Fig. 4. The analytical zfs-limit theory is in good agreement with
Figures 4c) and 4d) illustrate the “zfs-limit” (H,s the results of SD simulations wherk is long enough to
>Hzeen) When reorientation is fast enough thay 7&)<1,  ensure zfs-type precessidRig. 5). In this regime,R;,, de-
in which case molecular reorientation decouples the zfs increases with decreasing’ due to increasingly efficient ran-
teraction from the spin precessional motion, which then haslomization of the dipolar interaction. The effects of reorien-
Zeeman charactgeven thoughH ;> Hzeem) . Hy then in-  tational decoupling of the zfs interaction appear in the
fluencesR;, only as an agent of electron spin relaxation vicinity of 7H~15 ps, whereR,, passes through a mini-
(7s,) "% In this situation, where the zfs interaction is large mum; at shorterz{), R;p increases as expected. When
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FIG. 7. Comparison of spin dynamics simulatioisgmbolg with limiting
analytical expressions for zfs-limit theofpold dashed lineand Zeeman-
limit theory (solid line). Conditions are as described in the legend of Fig. 6
except for 73 values, which(a) 3.0x107* s (circles, (b) 3.0x10 % s
(diamonds, and(c) 1.0x 10" s (squarek

Tgl)—>0, the electron spin is completely reorientationally de-

coupled from the zfs interaction ari), is expected to ap-

S. M. Abernathy and R. R. Sharp: Spin dynamics calculations of NMR relaxation

precessing under the influence of a Zeeman interaction plus a
uniaxial zfs interaction=1.0 cm {, E=0). The results of
analytical theory are shown as lines without symbols: the
Zeeman-limit fdp is shown as a solid curve, and the slow
motion zfs-limit value ofR;, as a bold dashed line. The
simulated curves in these figures correspond to a series of
specifiedrfql) values, ranging from a maximum o110 2 s

in Fig. 6 to a minimum of 0.5 10 ?s in Fig. 8. As in Fig.

3, the intermediate regiméH(zce,~H i) occurs in the vicin-

ity of Bo=1T. Because the effects of molecular reorienta-
tion tend to be masked by rapid electron spin relaxation
(short7s,), this set of simulations assumed ,— .

Figure 6 shows simulated fdps in the regime of relatively
slow molecular reorientationa(Drff& 1). In this situation,
which corresponds to points to the right of tRg, minimum
of Fig. 5, the electron spin undergoes zfs-type precession in
the low field regime By<<1T) and Zeeman-type precession
in the high-field regime By>1T). The three simulated
curves correspond tell)=1x10"% s (open circley 74’
=1x10"° s (diamond$ and 7{’=3x 10" % s (squares In-
creasingly rapid Brownian reorientation acts to depress the
NMR-PRE in the zfs limit H,3>Hzeemand intermediate
regimes, clearly a result of reorientational randomization of
the dipolar interaction, as depicted schematically in Figs.
4(a) and 4b). In the Zeeman-limit regime By>1T),the
simulated curves converge to the Zeeman-limit curve of ana-

proach the Zeeman-limit value. The simulations are consislytical theory, andR,, becomes independent of solute reori-
tent with the expected behavior, although calculations withentation.

7$<3x107 1% s were not performed because of the large

number of reorientational steps involved.

Figure 8 shows simulated fdps in the regime of fast mo-
lecular reorientationdp T(R2)< 1),where the zfs interaction is

Figures 6-8 illustrate the influence of molecular reorien-reorientationally decoupled from the spin precessional mo-
tational motion on the simulated field dispersion profilestion (this regime corresponds to points to the left of the

(fdps) of the intermoleculaR,, for an electron spirb=1

20.0

15.0 -

5.0

0.0 T

I I I
1E-03 1E-02 1E-01 1E+00 1E+01

Bo

1E+02

FIG. 8. Comparison of spin dynamics simulaticisgmbolg with limiting
analytical expressions for zfs-limit theofpold dashed lineand Zeeman-
limit theory (solid line). Conditions are as described in the legend of Fig. 6
except for 78 values, which were(@ 3.0x107*2 s (circles, (b) 1.0

X 10712 s (diamonds, and(c) 1.0x 1073 s (squares

J. Chem. Phys., Vol. 106,

Ry, Minimum in Fig. 9. Fdps in Fig. 8 are plotted forg’
=3x10"*2 s (circles, 7H=1x10"1? s (diamond3, and
7P=0.3x 10" s (squares The low field limiting value of
Ryp rises asT(Rl) falls, apparently approaching the Zeeman-
limit value as7{’—0, as occurs in Fig. 5. Figure 7 shows
simulated fdps calculated assuming’ values near the
Ry, minimum of Fig. 5, specifically,7{’=1x10"1 s
(circles, 7{’=3x10"** s (diamonds, and 7{’=1x10"*
s (squares

A different way of illustrating the phenomenon of reori-
entational decoupling of electron spin precession from the
zfs interaction is to vary the zfs parametBr at fixed
T(le)and fixed polarizing field strengtB,. This is shown in
Fig. 9, whereR,, is plotted vsD? with T(R1)=30 ps. When
the condition for zfs-type precession is satisfiady ¢
>1, orD>0.5 cm tin Fig. 9), R, becomes independent of
D. However, it is important to note this conclusion holds
specifically for auniaxial zfs interaction—the dependence of
the fdp on the zfE€E-term, when present and significant, is
profound, often much greater than the dependence on the
D-term1213

Finally, it should be noted that the simulations of Figs.
6-8 assumed thats, was very long(0.1 9 in order to
emphasize the nature of the influence of Brownian reorien-
tation on fdp. Since spin relaxation and molecular reorienta-
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It should be noted that all of the simulations described

0.00 0.25 0.50 0.75 1.00 1.25 . .
200 ! L | I above assumed that—0, i.e., thatrg, is independent of
magnetic field strength. This approximation will break down
? at magnetic field strengths high enough thatr2=1, above
4 which g, tends to aBj dependence. Since effects of mo-
R ¢ lecular reorientation become important only wher

<7 field dependence ing tends to increase the influence
of reorientation on NMR-PRE phenomena.

BROWNIAN REORIENTATION IN THE ANALYTICAL
UNIAXIAL ZFS-LIMIT THEORY

The analytical zfs-limit theory of Ref. 5 assumes a
uniaxial zfs tensor £=0). The resulting analytical expres-
sions are simple in form and mirror the well-known expres-
sion of the Zeeman-limit SBM theory. The assumptions un-

0.0 25.0 50.0 750 1000 1250 derlying the analytical zfs-limit theohyare the following:(1)
that the zfs interaction is largeHG>Hzeem); (2) uniaxial
D? (E=0); and(3) that Brownian reorientation is slow enough
to produce zfs-type precessidie., T(RZ)wD>1). The theory
FIG. 9. Dependence of the NMR-PRE @n (the uniaxial zfs parameter IS not otherwise a “slow motion” theory, since the effects of
Conditions are as in Fig. 5 excedf)=3.0x 10" ''s, andD? was permitted ~ Brownian reorientation in randomizing the dipolar interac-

to vary. The values ob? for the filled diamonds range from 0.00 to 1.25, tion enter through the definition of the dipole—dipole corre-
top axis. The bottom axis describes the solid curve with open circles. lation time. 7
yidd >y

-1_ -1 -1 (1y—1
. . . . . . Tad = Tspt 7sr T (TR) 7, (25
tion both act to randomize the dipolar interaction, shortening ’ '

75, 0 the point wherers, <7 results in a decrease in Where T(Rl)'_ rather thanT(_RZ)v appears for reasons that are
R;p, and also tends to mask the effects of Brownian reoridescribed in Ref. 11. Figure 5 shows that this analytical
entation. This effect is shown in Fig. 10, whéRg, is plotted theory provides an accurate description of the effects of

againstq-(Rl) for three values ofrs,:0.1 s (open circley Brownian reorientation throughout the regime of zfs-type

76 ,=10710 5 (filled circles andrsvvzloflls(diamond$ precession, and that the theory becomes invalid when
, U ’ , U d 2

As expected, shorters, acts to decreas@;, and mask the 78wp<1 as expected.

effects of molecular reorientation.
COMPARISON WITH EXPERIMENTAL DATA FOR

[Mn(ll1) (acac) 3]

14.0 [tris-(acetylacetonatdn(lll)] (Mn" (acags)is a model
S=2 spin system for which extensive intermolecufat
12.07 NMR relaxation data have been reported at magnetic field
°. strengths corresponding to the zfs limit and to the interme-
10.0 " diate (Hzeen~H,1) regimes. An analysis of solver(ac-
.« & etong 'H NMR-PRE data has previously been carried out
Ry 1 ey ZES(SM) using the analytical zfs-limit theory of Ref. 5, in which the
o . contribution of 78" in Eq. (25) was included, but that of
’ rg} was neglected. Effects of zfs rhombicity were consid-
4.0 ered in a subsequent stutfnsing modified zfs-limit theory
appropriate to the slow reorientation limit. Using the SD
2.0 00000 ¢y . mgthods described above, we are now a_ble to assess qugnti-
tatively the effects of molecular reorientation on the analysis.
0.0 | | | | Figure 11 shows the effect of varying thé}) on Ry,
1E-13  1E-12  1E-11  1E-10  1E-09  1E-08 values computed using physical parameters appropriate for

1) Mn"(acag;. Experimental R;, data collected at field
T strengths of 0.3 T and 0.5 T and at a temperature of 298 K
are also shown. The Debye value 4’ for Mn"' (acads is
FIG. 10. Ry, as a function of reorientational correlation timg” for S approximately 120 ps, indicated by an arrow in the figure.
Izl-fcﬂmﬁag:f;nﬂzglf?ﬁggf 02??;3\:%5? Zsljgﬁl?ri?;grsl(ssa'\;‘ﬁ rigtsifmg'ecu’l' he open symbols in Fig. 11 show the results of simulations
segozwsn as the sr)llort dashe()jllline with an arrow. Other condition are given it which Tg) was allowed to Var}’ from the S|0V\( motion limit
the legend of Fig. 5, except fory) values, which werga) 0.1 s (open to T(Rl)zlx 10" s. In these simulations, which were per-
circles, 1.0x 107 s (filled circles, and 1.0 10~* s (open diamonds formed using the values, =10 ps as inferred in Ref. 5, the
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10 parameterd andE by a non-Redfield approach. Two sig-
nificant assumptions of the program in its present form are:

1

1

a first, that solute molecules reorient as rigid, isotropic units;
! 1s(0) v=30ps
1
1

and second, its use of the Redfield expressionrfqr [EQgs.
(22)—(24)], thus introducing the parameter§) and z, into
the simulation. The program can readily be modified to ac-
commodate more complex reorientational models or, alterna-
tively, to operate in conjunction with a molecular dynamics
simulation of the molecular degrees of freedofn.priori
50) 3=10ps quantum mechanical calculation of) is also pqs_s,iblé?’3°
0.4 ) although at present this kind of calculation is difficult and of
limited accuracy. In most practical analyses, a parametric
description ofrg, as we have used here seems useful.

An objective of this study was a better understanding of

0.8 -

Rlp 0.6 -

0.2
OE+00 1F,'10 ‘ZEl.lo 3E'.10 4EI-10 SE-10 the influence of Brownian reorientation on NMR-PRE phe-
1) nomena. It has been shown that the intermolecular uniaxial
TR zfs-limit analytical theory describes the effects of molecular

reorientation adequately when a dipolar correlation time of

FIG. 11. Ry, as a function of reorientational correlation time fa8a 2 spin the functional form of Eqs(25) and (26) is employed, aé?d
system atr?)=3x 10" s (filled symbol$ and 1.0c10"** s (open sym-  When electron spin precession has zfs charactes 72
bols), with 7,—0, computed by spin dynami¢§SD) simulation. The com-  >1). Reorientational deviations from the analytical theories
putations were done assumifig=0.3T (squarej 0.5T (diamond$, and  are |arge when Brownian reorientation is sufficiently rapid
1.0 T(circles, and assumed zfs parametersipf3.1 cm - (Ref. 47 and that (2)<1 . hich . . h Z
E/D=0.05. The molecular self diffusion coefficients of the solvent and "'&t @D7R "<-, IN WhiCh case spln“precesspn ”as e.eman’
solute wereD,=4.5x10"° and D,=1.6x10"? m?s % respectively, and rather than zfs, character. For the “slow motion” theories of
the distance of closest approach wihs=0.43 nm. The two large circles the intermediate regim%‘,ll*“ as well as for the uniaxial
correspond to experimental data at 0.3 and D.5The arrow denotes the  zfs-|limit expressioﬁ"r’ the effects of the Brownian reorienta-

(1) i . ’ . .
Debye value forri;” for Mn(acads in acetone at 298 K. tion on Ry, may be neglected when electron spin relaxation

is rapid on the reorientational time scéiley , <7, see Eq.

system is well represented by the slow motion approxima(29]; @ point illustrated by the simulations of Fig. 10.

tion: the deviation between the slow motion analytical theory ~ SUmmarizing the conditions for validity of the simple

and the spin dynamics simulation wherﬁzl)=120 ps is uniaxial zfs-limit analytical expressions of Refs. 4 and 5, the

<10%. assumptions aré) thatH > H.m (ii) that the zfs tensor
The result that Brownian reorientation is unimportant in P& quadratic and uniaxiakt~0), azg)d(m) that electron spin

the analysis of these data stems from the shortness GFEC€SSion have zfs charactergry '>1).When these con-

7¢,:We expect in general that molecular reorientation will ditions are met, the effects of reorientation can be accounted

WU °

have little effect onRy, when T(Rl)>7's,v, since then spin for using Egs.(25) and (26). The conditions for validity of

relaxation tends to mask the effects of Brownian reorienta:[he Zeeman-limit analytical theory are simpler than th(()zs),e for
R

tion. This behavior was confirmed in the simulations. To tesgfS-limit theories, namely, thatl zeen?>Hss OF that wp 7,
this point further, simulations were performed using the<! (€ither condition suffices

same physical parameters as described above, except that

75, Was lengthened to 30 gsolid symbols in Fig. 1L As ~ACKNOWLEDGMENTS

7s,, lengthened, the simulation became increasingly sensitive  Thjs research was supported by the U. S. National Sci-
to effects of rapid reorientational motion as expected, alence Foundation in the form of a research grant, CHE-
though atry)=120 ps the deviation from the slow motion 9423351, S.M.A. received financial support in the form of a
limit with 75 ,=30 ps is still quite small<10%. Rackham Merit Fellowship from the University of Michigan.

SUMMARY 11, Solomon, Phys. Re\89, 559 (1955.

Spin d . imulati imol ted in th 2N. Bloembergen, J. Chem. Phy&Z, 572, 595(1957).
pin dynamics simulations as implemented In theé pro-sy Bloembergen and L. O. Morgan, J. Chem. PI84.842(1961).

gram SpinDyn.f have been shown to provide accurate, flex4r. R. Sharp, J. Chem. Phya3, 6921(1990.

ible, and reasonably rapid calculations of NMR-PRE phe—zT- Bayburt and R. R. Sharp, J. Chem. Ph§2, 5892(1990.

nomena with few of the assumptions or limitations of glge(’l‘g”é*‘pc- Luchinat, M. Mancini, and G. Spina, J. Magn. Res59.

previous analytical theories. The program calculate§ INter7| " Bertini, C. Luchinat, and J. Kowalewski, J. Magn. Res6@, 235

and intramolecular NMR-PRE phenomena for both integer (1985.

and half-integer spins precessing under arbitrary Zeeman an%(L- B%nci, I. Bertini, F. Briganti, and C. Luchinat, J. Magn. Res66. 58
- : : ; ; 1986.

zfs mtera(_:tlons the presence of Brovyman reorlentatlon. ThegH_ Fukui, K. Miura, and H. Matsuda, J. Magn. Res88, 311 (1990.

reorientational part of the electron spin relaxation @é IS 1R R. Sharp, J. Magn. Resob00, 491 (1992

not parametrized but is calculated directly from the static zf$!R. R. Sharp, J. Chem. Phya8, 912 (1993.

J. Chem. Phys., Vol. 106, No. 22, 8 June 1997



S. M. Abernathy and R. R. Sharp: Spin dynamics calculations of NMR relaxation 9043

2R, R. Sharp, J. Chem. Phy8, 2507 (1993. M. Odelius, C. Ribbing, and J. Kowalewski, J. Chem. PH&3 1800
133.-M. Bovet and R. R. Sharp, J. Chem. PH8@. 18 (1993. (1995.
14|, Bertini, O. Galas, C. Luchinat, and G. Parigi, J. Magn. Resori18 30M. Odelius, C. Ribbing, and J. Kowalewski, J. Chem. PHy&4, 3181
15151(1995;. (1996.

J. H. Freed, G. V. Bruno, and C. Polnaszek, J. Chem. P5s5270 317, Bayburt and R. R. Sharp, J. Phys. Che&, 4558(1993.

(1971. 324, C. Torrey, Phys. Re\92, 962 (1953.

'°J. H. Freed, G. V. Bruno, and C. Polnaszek, J. Chem. P8§s716 33 pfeifer, Ann. Phys. Leipzig, 1 (1961).

(1972. _ %A, Abragam, The Principles of Nuclear Magnetisi®xford University,
Y T.-H. R. Chen, S.-J. Den, and L.-P. Hwang, Proc. Nat. Sci. Council yorg 1961, pp. 300—302.

18(LT5|‘;WZ:‘) 8,224 5113384)\} 10 3. Chem. Phas. 3775 (198 3L_-p. Hwang and J. H. Freed, J. Chem. PI8@.4017(1975.
=P~ Hwang and C.-Y. Ju, J. Chem. Phg$, 3775(1985. %K. L. Friedman, M. Holz, and H. G. Hertz, J. Chem. Phys, 3369
P.-L. Wang, J.-H. Lee, S.-M. Huang, and L.-P. Hwang, J Magn. Reson. (1969

73, 277(1987. a7 . .
20N, Benetis, J. Kowalewski, L. Nordenskiold, H. Wennerstrom, and P.-O. W. H. Press, S. A. Teukolsky, W. T. Vetterling, B. P. Flannéiymerical

Westlund, Mol. Phys48, 329 (1983. Recipes in Fortran2nd ed.(Cambridge University Press, Cambridge,
2IN. Benetis, J. Kowalewski, L. Nordenskiold, H. Wennerstrom, and P.—O.381994)' . . . .
Westlund, J. Magn. ResoB8, 261 (1984 L. Banci, I. Bertini, and C. LuchinatNuclear and Electron Relaxation
22p_.0. Westlund, H. Wennerstrom, L. Nordenskiold, J. Kowalewski, andsg(VCH' New York, 199).
N. Benetis, J. Magn. ResoB9, 91 (1984). 40A. D. McLachIan, Proc. Roy. Soc. 280, 27 (1964).
23N, Benetis and J. Kowalewski, J Magn. Res66, 13 (1985. A. Carrington and G. R. Luckhurst, Mol. Phy&, 125 (1964.
24T Larsson, P.-O. Westlund, J. Kowalewski, and S. H. Koenig, J. Chem' -A. Hudson and G. R. Luckhurst, Mol. Phys6, 395 (1969.
Phys.101, 1116(1994. “2A. Al'tshuler and K. A. Valiev, Sov. Phys. JET8, 661 (1959.
5N, Benetis, J. Kowalewski, L. Nordenskiold, and U. Edlund, J. Magn. “*N. Bloembergen and L. O. Morgan, J. Chem. Pt84;.842 (1961).
Reson.58, 282 (1984). 4M. Rubinstein, A. Baram, and Z. Luz, Mol. Phy20, 67 (1971).
26p 0. Westlund, irDynamics of Solutions and Fluid Mixtures by NMR “3J. E. Roberts and J. Schnittker, J. Phys. Che5410(1993.
edited by J. J. DelpuectWiley and Sons, New York, 1995p. 173. 46p 0. Westlund, Mol. Phys85, 1165(1995.
27p_ A. Eglestaff, J. Chem. Phy83, 2590(1970. 4TA. K. Gregson, D. M. Doddrell, and P. C. Healy, Inorg. Cheif, 1216
283, Alexander, A. Baram, and Z. Luz, Mol. Phy&¥, 441 (1974. (1978.

J. Chem. Phys., Vol. 106, No. 22, 8 June 1997



