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The zero-frequency spectral densitigD) data for the liquid crystab-(methoxybenzylidinep-n-butylaniline

(MBBA) is quantitatively interpreted using a model that includes director fluctuations and rotational diffusion
of symmetric rotors in a nematic phase. The contributiods{0) from director fluctuations has mainly a
second-order component, whereas the first-order contributidf{(dg is suppressed in the megahertz region
(Larmor frequencies are 15.3 and 46 MHz) due to the high-frequency cutoff, which is estimated to be around
3—10 MHz for MBBA. A global target approach is used in the analysis of all the available spectral densities.
As a result, motional parameters and a molecular prefactor for director fluctuations are obtained in the nematic
phase of MBBA.

Introduction tensor for solvent molecules may influence the relaxation data
of 50.7 and 40.8 in their uniaxial phases by solving the full
rotational diffusion equation as described by Tarroni and
Zannoni!® When couplings between director fluctuations and

Director fluctuations are unique and importahsources of
nuclear spin relaxation in liquid crystals. These fluctuations
involve collective motions of a large number of molecules. . . . . "

) : ; S - molecular reorientations are considefééfa “small” cross term
Studies of director fluctuations can provide information on contribution exists iry(e)
molecular properties such as elastic constants and viscosities. . 1N . )
This dynamic process was first used to explain light scattering ~ When using a small angl@) approximation, wheré is the -
experiments in liquid crystals by Chatelditle Genneswas aqgle betwggn the |nstantaneoqs director anq its eqU|[|br|um
first to recognize that director fluctuations consist of long-range orientation, it is weI_I-known that director fluctuations contribute
collective modes of motion in liquid crystals. This hydrody- @ fréquency term in the spectral densiyw) and have zero
namic description in the nematic phase was soon confirmed by contributions inJy(2w) andJo(w). However, angular excursions
new light scattering experimerftd. The first variable frequency  ©f the local director can have large amplitudes and high-order
proton Ty study? indicated that the usual Lorentzian frequency terms of6 can now contribute tdx(2w) and Jo(w). Second-
dependence expected from the BPP th&avgis not obeyed. order director fluctuationd{#?) have been considered by Vold
This led Pincu¥ to derive aw~Y2 frequency relation for the €t al*® and van der Zwan et &l The frequency dependence
nuclear spirlattice relaxation rate. Lubenskynoted the  inJ:2is calculated to be generally small, wherdass predicted
square of the nematic order parameter in the -shittice to be quite large a® — 0.6 Since dlrt_ector quctuatlo_ns contain
relaxation rate. Following that, many proton NMR studies were Many long wavelength modes which are effective for spin
reported by Doane and VisintaingBrochard!3 and Blinc et relaxatlpn in the kllohertz_reg!on,_ the influence of director
al14 These earlier proton relaxation experiments already showedfluctuations for solvent spins in liquid crystals can best be
that the proton relaxation behavior in liquid crystals was more Studied using the field cycling techniqéfe.
complex than originally anticipated by the Pincus theory. In  Although director fluctuations normally give small contribu-
particular, molecular rotations and translational self-diffusion tions in the megahertz region, there are at least two liquid
have also been shown to cause spin relaxation in liquid crystalscrystals 50.72 and 40.832%in which director fluctuations have
as in normal liquids. been used to account for part &fw). For these two liquid

The reorientation of molecules in liquid crystals can be crystals, the high-frequency cutoffs appear to be on the order
described by the rotational diffusion modété The model of 10° MHz, while for p-(methoxybenzylidinep-n-butylaniline
assumes a stochastic Markov process for molecular reorientation(MBBA or 10.4), there is no detectable contribution from
in which each molecule moves in time as a sequence of smalldirector fluctuations to the deuteron sgilattice relaxation in
angular steps caused by collisions with its surrounding moleculesthe megahertz regin®. The same conclusion was made by
and under the influence of the potential of mean torque set up Vilfan et al3 on the basis of their proton NMR study. Recent
by them. Nordio and co-workeéf&considered reorientation of ~ published data show, however, that there is a substantial
cylindrical, rigid molecules in uniaxial phases. Each molecule contribution from director fluctuations td(0). The data are
is characterized by a rotational diffusion tensor, normally defined analyzed here using a global target approdciiVe believe that
in a frame fixed on the molecule. A number of models of a possible explanation of the different behaviors among the
increasing complexity have been propo3éd! Recently, we studied liquid crystals of the0.m series may be due to their
have examined23 how an asymmetric rotational diffusion high-frequency cutoffs, since the prefactérdor these liquid
crystals are comparable. The paper is organized into a theory
® Abstract published irAdvance ACS Abstractdune 1, 1997. section, which summarizes theoretical spectral densities neces-
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sary for interpreting our data. This is followed by a section on
results and discussion, and a brief summary.

Theory
Standard theori@s of spin relaxation by director fluctuations

Dong and Shen

+ 2
(wdw) ] @

Joprw) =

P,
PPN [d O(ﬁM Q)]

37 e
2(qCD) (1- 3)

"1t (ww)?

in nematics are based on the notion that the mean-squarevherew; may be estimated from the magnetic coherence length

amplitude[®?Cof the director’s displacement is small such that

terms of this and higher orders can be neglected. Recently,

second-order contributions from director fluctuations are pre-
dicted?®27:33in Jy(0), Ji(w), and Jx(2w). When treating deu-

terons residing on the rigid part of a molecule, e.g., the methine

& in the presence of the magnetic fiétti.e., w; = K/p&? and
(K21
[ & ®)

deuteron in MBBA, the spectral densities are calculated as With Ay being the diamagnetic susceptibility anisotropy &d

follows:

JopH@) = Jpp(@)/3

= 40 A (B L@) (1)
wheregep = €2gQ/h is the quadrapolar coupling constafi,o
is the angle between the<D bond and the molecula, axis,
and

2 2
+q
L) = [*d g dg (2
= Jo" 8 G gl @
with gc = (7/K)Y2w12, w, is the high-frequency cutofiK is

the average elastic constant, apds the average viscosity
is a nematic order of the molecule relative to the local director
and is related to the usual nematic order paraméker]
according t8°

S = [P,I(1 — 30) 3)
where the parameten. = kTq/27?K is a measure of the
magnitude of director fluctuations. The prefactot is

3KT 3\1/2
A=——+—n/K)" = 3ral,/8w
NG ‘
By integrating over a circle i, g space rather than a square,
Vold et al?6 obtained from eq 2

(4)
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1INl + (0do)? )

This gives
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Jope2w) = (qCD) ( [ OO(ﬂM Q)] |n[1 +

(wd20)] (7)

To get the zero-frequency componehbr(0), one needs to
introduce&®26 a low-frequency cutoff in order to remove its
divergence asv — 0. This cutoff frequency can arise from
bulk susceptibility effects. However, this procedure does not
allow one to write down an analytical expression Jgse(0).

A less exact procedwteis to replace the lower limit in the
mode expression by a finite wave numlegrand gives

the applied magnetic field. When second-order contributions
are included inJipr(w), Joghems et &8 found that it has a
correction factor (- 4a), which reduces to 1 whea is very
small. Thus,

J1DF(CU) =

(qCD)ZADPZﬁ[d oBwm Q)]2 a-

1-

where the U(wdw) functior?> accounts for the cutoff of
coherence modes at high frequencies,

X—vV2x+1
x+~/_x+1

U(a)cla))/x/_ (10)

UKX) = + %[tanfl(«/z_x - 1)+

tan Y(v2x + 1)] (11)

and w. = 47%K/ni2 with the cutoff wavelengtit. typically
the order of the molecular length.

For C—D bonds located in the flexible chain, the effect of
director fluctuations is made smaller as a result of additional
averaging within the chain from conformational changes. It
has been recogniz&din earlier deuterium NMR studies of
MBBA that the spin-lattice relaxation rates for the chain
deuterons should scale with the square of their quadrupolar
splittings if the spin relaxation is caused only by director
fluctuations. Indeed the quadrupolar splitting can give the
segmental order parameter of the-B bond at carbon sitg
which is defined by

S9 = mP,(cos®") I (12)
where ©0 is the angle between thigh C—D bond and the
equilibrium director; I denotes both the conformational
average and overall motional average. In uniaxial phases like
the nematic, the above equation can be expressed as

b = TP,[(Bi) )1P;[cos@)]

déow“ ) [P, (13)

Wheredéo(ﬁﬁ',l)yQ) denotes the conformational average over the
Bio angle of the particular €D bond with respect to the
moIecuIarzM axis, andd is the angle between tg axis and

the equilibrium director. The assumption was made for the last
step in eq 13 that the motional modes for the internal chain
motions and for the molecular reorientation are decoupled. With
this simplifying assumption, the geometric factor in egs86
and 10 must involve an additional average due to internal
motions and together witliP,[can be replaced by the segmental
order parameter (or in terms of the quadrupolar splitting) of
theith deuterons. Thus, director fluctuations contribute to the
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chain deuterons according to JO (mw) with .o = 67° (the moleculazy axis is taken to be
along the para axis of the butyl ring) angp = 185 kHz. For

50 (o, 21, 1+ (wdw) the deuterons in the chain, a decoupled m&disl used to
Joor(@) = (1 3y ) (§CD) 1+ (@ /w)2 (14) describe correlated internal rotations in the flexible butyl chain,
1 and there are 27 different conformatiofis. The spectral
densities can be written on the basis of these models:

Jipl() = (q‘” 12 agf ) (L~ da)U(do)Vo _—

15) 30 e(me) = —(q‘”) 2> Z(Z do(Bin)
XL 2w) = (q (1 30)° (S:) )= In[l + (wd2w)7] exp[—inag\i,,)y'Q] e X{(k)) % (Z 2 (|)|Q) %

(16) =

(ﬂzmnn)K [(azmnn)K + |/‘Lk|]
+

It is noted that in all these equations for director fluctuations, exp[—ln'a(')'Q] (1) )Z
the contributions taly, Ji, and J; are all related to the high- [(@® )k + A1 + mw?
frequency cutoffw.. The w. value depends on molecular 97 7
properties and perhaps also on the detailed molecular structure. _(q(l) 25 A d2 (ﬁ(')' (1) (k)
Thus, it is expected to change from sample to sample. When mo="2 Z‘ Z 00
the Larmor frequencyo < wq, like the case in 50.7 and 40.8,
the cutoff function of eq 11 approaches unity and the differences
in w. of different samples become immaterialdifw). As the
cutoff frequency drops below the Larmor frequency, the cutoff
function approaches zero and the negative cross term (see belowj*
can in fact cancel thelipe. The total director fluctuation
contribution toJ; may even become negative. In addition, the
Joor(2w) is small because of its second-order nature and can
be neglected in the megahertz region. Thus, it may be difficult
to study director fluctuations in the megahertz regime using only
the spectral densitiels andJ,. The zero-frequency component
Jo(0) becomes a unique and useful tool in studying director
fluctuations in this case.

In a stochastic Markovian process, to describe the molecular 5
reorientation of an asymmetric molecule in an uniaxial medium, (O)R(w) _ i(q )2 A 1
one must find the conditional probability by solving a sym- CcD (1 - 3a)? 2
metrized form of the rotational diffusion equation. The sym-
metrized rotational diffusion operatd in ref 19 is given in \/_ ((Xloo)K
terms ofe = (Dx — D,)/(Dx + Dy) andz = Dp, with p = (Dy GG Zb x ————— (20)
+ Dy)/2. Dy, Dy, andD; are the principal elements of a rotational (o’ + @
diffusion tensor, defined by a set of molecular axes, arah

asymmetry parameter of the rotational diffusion tensor, is zero \yhere the subscript CR is to denote the cross termbane

in the special case of uniaxial molecules. In general, the (ﬂloo)K/(ﬂloo)l are relative weights of exponentials that de-

orientational correlation functions can be written as a sum of g¢yihe the molecular reorientation. For the methylene deuterons
decaying exponential$;1° on the chain

Ganan(t) = Z(ﬁlr_nnn)l( exp[(alr_nnn)}(t] (17) JQCR(‘U)

2l (19)

whereql), = 165 kHz ﬁ(')'Q and a(')'Q are the polar angles of
the G—D bond of the comformelrin the molecular frame, and

x andx® are the eigenvalues and eigenvectors from diagonal-
ing a symmetrized transition rate matrix. The rate matrix
describing conformational changes in the butyl chain contains
jump constants, k;, and ks for one-, two-, and three-bond
motions®in the chain. Furthermore, if director fluctuations are
slow in comparison with molecular rotations, couplings between
these two motions produ#e?®>a small cross term contribution
to Ji(w). Following Freed?® this negative cross term for the
methine deuteron can be shown as

/ 2

wherem andn (n') represent the projection indices of a rdnk _ _( 0 S(C) 2 8w b (000K 1
tensor in the laboratory and molecular frames, respectively; Aco 1-3 L\ Ch p Z K 24 2 )
(o )k/p, the decay constants, are the eigenvalues offthe ( @) (@od” + @
matrix, and ﬁ,ﬁmn)K, the relative weights of the exponentials,
are the corresponding eigenvectors.

The spectral densities in a deuteron NMR experimént(
2) are the Fourier transform of the time correlation functions
(m=0, 1, 2) to give

Here cross terms from second-order director fluctuations are
neglected. Finally, the calculated spectral densities foitthe
deuterons are obtained from

W) = IKw) + Hpelo) + o) (22)
37
Jr(Mw) = 7(qCD)ZZ Zdﬁvo(ﬁM,Q)dﬁ’O(ﬁM,Q) x J(I)(Zw) = Jga(Zw) + JZDF(zw) (23)
2 2.2 2
Grd o o 3(0) = J5(0) + I5br(0) (24)

(O’ + Mw?
wherei =0, 1, 2, and 3, with = 0 denoting the methine site.
where the subscript R is used to denote molecular rotation. For Our experiments consist of measurements of the-sgam
the methine deuteron, one may use the above equation to giverelaxation raté 1/T, at 46 MHz and measurements of the
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Figure 1. Plots of experimental (symbols) and calculated (lines) Figure 2. Plots of experimental (symbols) and calculated (lines)
spectral densities of MBBA by using. = 10 MHz. Parts a and b are  spectral densities of MBBA by using. = 10 MHz. Parts a and b are
for Co and G, respectively. The circles denote the spectral densities for C, and G, respectively. The symbols are the same as those in
Jo(0), the open symbols denalgwo), while the closed symbols denote  Figure 1.
Ja(2wo). The triangles represent the data at 15.3 MHz, while the squares

represent data at 46 MHz. Solid and long dashed lines denote calculatecyptimization routing® (AMOEBA) is used to minimize the sum
spectral densities at 15.3 and 46 MHz, respectively. squared percent errét,

Zeeman and quadrupolar spilattice relaxation raté8 1/T;z

and 1T, at 15.3 and 46 MHz. From the spin relaxation theory ng)calc(mwo) - Jﬂ?exp(mwo) 2
for deuteron = 1), these are related to the spectral densities F = Zzzz : x 10 (28)
In(mow) by*” o I mag) ‘

TV 1= :_2338)(0) + gjg)(wo) + (2w, (25) where the sunk is over six different temperatures, and= 0,

1, or 2. The fitting qualityQ is given by the percentage mean
squared deviation,

T ' =3 (@) + 4% (2w (26)
(i)calc (i)exp, 2
Ao . K )i mldm (M) — I (Mawg)],
T8 =300 (w,) 27 Q= DINDILL —— x 100%
: ZKZwDZi Zm[‘J m(Mawo) 1y
wherewo is the Larmor frequency. (29)
Results and Discussion It is believed that the motional biaxiality for the MBBA

) . molecule is very small. Thereford), = Dy is set in our

The spectral den5|t|eqm(npo) at two_different Larmor inimization. From the individual target analysis, it is clear
frequencies, reproduced in Figures 1 and 2, are those reporte hat the diffusion constants and the jump constinendks all
beforel:30 The analysis of quadrupolar splittif§sused the jump

internal energie€, = 2550 J/mol ancEy, = 6000 J/mol to  OP8Y Simple Arthenius-type relations, giving
give the model parameterE{ 1c = XJ/Xs PoLJandSy — Sy

—no r=Dx
) needed in our analysis. In particular, the order parameter Dy = Dy exp(-E;/RT) (30)
tensor of the average conformer allows us to adopt a biaxial o 5
orienting potential (specified by, ax)'° for solving the D, = D, exp(—~E;/RT) (31)

rotational diffusion equation. We analyze the spectral densities
of methine @ and methylene Qi = 1, 2, 3) deuterons using

a global target approadRthat is, treating the spectral density
data at different temperatures and at both Larmor frequencies 0 3
in the same fitting procedure. Smoothed lines of data were used ks = ks eXp(—E; 7RT) (33)

to obtain thed)***(0), X'/ (we) and IY**A(2w0) values at six

different temperatures. Now, individual target analysis (i.e., Where the global parameters are the pre-exponerBgl?,
minimization at a single temperature) must first be performed k;, and k3, and their corresponding activation energiEs,
before the global procedure in order to get some ideas onEy?, Egl, and E'f. When such a relation does not exist for a
temperature relations of the model parameters. The global targetarget parameter likek, and the prefactorA of director
analysis takes advantage of the fact that target parameters ofluctuations, it is still possible to introduce an interpolating
the model vary smoothly with temperature. This was faind relation linking its values at various temperatures. kdsind
particularly useful when the parameters of the model were highly Ape(=AP,[3) are weakly temperature dependent, we model
correlated and/or affected by large statistical errors. An them by

k, = K exp(—EXY/RT) (32)
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I(2 = k’2 - kiz' (T- Tmay) (34) TABLE 1: Comparisons of Activation Energies E, (in
kJ/mol) and Fitting Results Using Different High-Frequency
— A " Cutoffs for MBBA in our Calculations
ADF - ADF - ADF (T - Tmax) (35) ” ” 5 5
. .  oc(MHz)  EY ES EY EY? F Q
where the temperatur'énax is the highest temperrjlture used in 3 103 800 499 250 10 600 0.95%
the global analysis, and the global parametérs’, Abr, and 10 10242 78+ 2 500+ 0.8 443+ 06 9600 0.97%
Abr are optimized. Thus there are 12 global parameters (two 13 100 772 492 44.0 9000 0.97%
from each of eqs 3635) for the global fit. 20 959 751 478 434 7900 0.99%

We analyze the deuteron data at four carbon sitgs Qi TABLE 2: Calculated Spectral Densities for G—Cz Deuter
Cz, C3. ). At each site, there are two experlmenlaland_ two ons Due to Director FIucF;uations and Molecular Rgorienta-
experimentall, values from the two Larmor frequencies, but tjon in the Global Minimization with a High-Frequency Cut-
only oneJy(0) value due to the zero-frequency component being off e, = 10 MHz; The Numbers (in s71) within Parentheses
independent of the Larmor frequency. So we have a total of Are for 46 MHz, While Those without Parentheses Are for
120 spectral densities from six temperatures to derive 12 global 15-3 MHz, and the Temperature Is 300 K
parameters for a givem; value. For convenience, the diffusion C J(0) Joor(0) Ju(w) JioHw) dicrw) Jo(2w) Jooe(2w)
and jump rate pre-exponentials were not used as globalc, 7459 2616 53.17 246 —-4.17 262 0.04

parameters. Rather eqs-3B3 were rewritten in terms of the (74.59) (26.16) (38.54) (0.3) —2.0) (21.75) (0.00)
activation energies and the diffusion and jump const&i{s C, 1027 5829 40.38 547 -9.29 1434  0.09
Dy, ki, ks at 309 K (Tmax ), giving the set of global parameters (102.7) (58.29) (19.75) (0.68) -4.5) (8.60) (0.01)

. PP L _C, 3042 1843 1221 1.73 —-2.94 6.63 0.03
used in our minimization. Initial values at the chosen temper (30.42) (18.43) (9.12) (0.21) «1.4) (5.72) (0.00

ature (309 K) were first obtained by an individual target analysis. ¢, 312" 2011 11.1 189 —321 497 003
We assume for simplicity that. is constant in the nematic (31.62) (20.11) (7.48) (0.23) <{1.5) (3.93) (0.00)

phase of MBBA. The assumption is probably good for the

temperature range studied here. Several high-frequency cutoff TABLE 3: Motional Parameters Derived from a Global

values, between 3 and 20 MHz, were tested (Table 1): these”Nlysis of Spectral Densities Usings, = 10 MHz

fits between the calculated and experimental spectral density ki (x10M ke (x10% ks (x10%2 Dy (x107 D, (x10° A(x107
data are in general acceptable, siqzealues are all less than s s s s s s
1%. The derived activation energies vary slightly with At 309 105 151 2.58 6.24 366 1904
—3MH o : 306 7.12 1.65 1.92 5.16 3.09 1.76
We= z, a betteQ value of 0.95% was obtained, whereas 203 479 180 141 124 260 170
atwc = 20 MHz, a bettef value of 7900 was achieved. Thus, 309 3.20 1.94 1.04 3.48 218 171
it is reasonable to estimate theg value for MBBA to be around 297 2.12 2.09 0.76 2.84 1.82 176
3—-10 MHz. We note that th&." is a little larger tharE?, 204 139 224 0.55 231 152 178

|nd|cat|ng the spinning .motlon. of the MBBA molecgle is less TABLE 4: Comparisons of A Values in 10.4, 50.7, and
hindered than the tumbling motion. This was not achieved when 40 g at Different Reduced TemperatureT,eq (=T/Tc ); The

a global target analysis was carried Butsing only thel;(w) A Values in Refs 22 and 23 Were Incorrectly Reported Due
andJ,(2w) data. Without loss of generality, we takg = 10 to Unfortunate Numerical Errors
MHz in the following discussion. From the global minimiza- T, 10.4 Tred 50.722 Tred 40.83

tipn, the predictgd site de_pen_dences o_f the s_pectral densities an I.988 193¢ 10° 0993 127<10° 0995 972« 106
director fluctuation contributions are listed in Table 2 for one 5979 176x 10° 0979 6.06x 106 0981 5.27x 10°6
temperature. Director fluctuations mainly have effects on the 0.969 1.70x 105 0.964 3.42x 10 0.966 3.85x 106
zero-frequency spectral densities. They account for 35% of the 0.96 1.71x 10> 0.95 1.81x10°® 0.952 2.98x 10°®
methine JO(O) and over 50% for the methylene 1({‘133) 0.95 1.76x 102 0.936 1.14x 10°¢ 0.938 2.54x 102
Jg)(O). Their total first-order contributions.](l(,)DF plus negative 0.94 %072'3211% K To = 350.6 K 0.924 -3018251& K
I to I(w) are small but negative; the biggest effects occur

at the chain deuterons, where the_director fluctuation contribu- cqurse due to the lower high-frequency cutoff in MBBA. Using
tions amount to about 10% oﬂg)(w). The second-order  typical values oK = 5 x10°12N andzn = 6.5 x102 Pa s,A
contributions ofJ)- to J5(2w) are indeed very small and less = 1.6 x1075 st2 is calculated from eq 4 at 300 K. Thus, the
than 1%. Indeed the observed frequency dependences inderivedA values appear to agree with the theory. The calculated
X)(2w) are mainly due to “slow” molecular rotations. The cross termi{’, has absolute values slightly larger thaf,

model parameters (Bs, 2 D’s and A) for o = 10 MHz at contrary to the prediction that the cross term should be “small”.
each chosen temperature are summarized in Table 3. TheTherefore, the controversy with the cross term remains to be
activation energies (Table 1) and the pre-exponentkﬁs:( explored with proper theoretical models. As seen in Table 4,
1.75x 10° s, kg =43 x 10?5571 DS =174 x 106571 the temperature dependencefoin MBBA differs from those

and Dg = 1.13 x 10'7 s71) are used to plot the theoretical ©0f 50.7 and 40.8. It is not clear at present why the differences

spectral density curves in Figures 1 and 2. 'Dé?evalues at exi_st. The error _Iimit for a particular g_IobaI parameter was
46 MHz show deviations ato C,. Although there are some ~ Stimated by varying the one under consideration while keeping
systematic deviations between experimental and calculated@!l Other global parameters identical to those for the minimum
spectral densities, the overall fits are quite satisfactory. It is F» 0 give an approximate doubling in tiievalue. Thus the
interesting to note that a comparison of the rate and diffusion €rror bar forDJ is given by (1.25-2.54) x 10'° s, while that
constants with those reported befrshows reasonable agree- of DJ is (0.88-1.53) x 107 s~%. Similarly, k{ varies from
ments. In Table 4, we list the prefactévalues for the different ~ 0.85x 10%9s1t0 5.2 x 102%s 1 andk] varies from 1.8x 1075
samples of then0.m series. It is noted that the prefactar s1to 4.3 x 10 s Finally, the error bars for the derived
obtained for MBBA is larger than that of 56%and 40.83, yet activation energies are indicated in Table 1 dgr= 10 MHz.
there is negligible contribution from director fluctuationso These activation energies are fairly well-defined by the global
of MBBA at the same Larmor frequencies. This is of target analysis.
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