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Abstract

Equations for the spectral densities of complex motion of a spin pair undergoing
internal motion and isotropic/anisotropic overall rotation have been considered. The
fluctuations of the interproton distances, caused by internal motion, have been taken into
account in the theoretical equations. A method allowing a distinction between the isotropic
and the anisotropic overall rotation of molecules has been proposed.

The effect of the activation parameters of internal motions (known from the solid state
study) on the measured 77 relaxation of the 3C and 'H - 'H cross-relaxation rates has been
analysed for methyl-f-D-galactopyranoside in DMSO-d6 solution. The conformational trans-
gauche jumps of the methylene group are not fast enough to affect the T; value of carbon C6
in the liquid state temperatures regime. Only the methyl group rotation is a very fast internal
motion. This motion influences the carbon C7 relaxation and methyl protons — anomeric
proton cross — relaxation. The values of interatomic distances between anomeric H(C1) and
H(C5) as well as the three methyl protons H(C7) have been calculated from the cross-
relaxation rates. The distance H(C1) — H (C7) fluctuates due to the rotation of methyl group.

The application of the “model — free approach” to study molecular dynamics in

solutions is discussed.

URL.: http://mc.manuscri%tcentral.com/tandf/tmph
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1. Introduction

The spin-lattice relaxation times are sensitive to stochastic molecular motions.
Usually, interpretation of the experimentally determined temperature dependence of the Be
spin—lattice relaxation time permits identification of interatomic distances, activation energies
and correlation times. Analysis of homo- and hetero-nuclear cross-relaxation rates has been
widely used to derive the inter-atomic distances and motional parameters of small molecules
and biological macromolecules [1-11].

The stochastic molecular motions can be of diffusion or hindered rotation character
(hopping among potential minima corresponding to separate equilibrium sites). The first
model of the hindered rotations was proposed by Debye [12] to explain the phenomenon of
dielectric relaxation. This model was developed further by Hoffman [13, 14]. The hopping
among equilibrium sites occurs when a molecular group jumps between trans and gauche
conformations, when a molecule has internal flexibility (butterfly-like motion or ring
puckering), when a proton is transferred between two positions in a hydrogen bond or when a
hindered rotation of a molecular group (or side chains in macromolecules) takes place in a
symmetrical or asymmetrical local environment.

In liquid state, the molecular motion is complex. The motion of molecular groups
accompanies the overall rotational tumbling of the molecule. The complex motion of a spin
pair belonging to a methyl group jumping between three equivalent potential minima and
subjected to isotropic rotational diffusion was first considered by Woessner [15 - 17] and next
by Wallach [18] and also by Dellwo and Wand [19]. That the T; relaxation time minimum
corresponding to the slowest component motion is shallower than the minimum 77 associated
with such a motion in the absence of the faster motions has been shown in papers [15, 16, 18-

22].

URL.: http://mc.manuscri%tcentral.com/tandf/tmph
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The internal motion can lead to fluctuations of internuclear distances. Relaxation rates
are sensitive to the changes in the spin-spin vector, Rjs, orientation and length. The
expressions derived in [20-27] are applicable to study simultaneous changes in orientation and
magnitude of Rjsin the internal molecular motions. The effect of fluctuating internuclear
distances in non-rigid molecules on nuclear magnetic relaxation was also considered by Tropp
[28].

The complex motion of Rjs vector (Rjs = const) consisting of overall isotropic
tumbling and jumping among equilibrium sites (internal motion) has been generalized in the
“model—free approach” proposed by Lipari and Szabo [29, 30]. The activation parameters of
internal motions are not taken into account in the “model—free approach”. The isotropic
tumbling is assumed to be sufficiently slower than the internal motion. The influence of the
internal motions on the spectral density and therefore, on the spin — lattice relaxation rate in
liquids is expressed by the “order parameter” S%. The application of the “model — free
approach” to study molecular dynamics in solutions is discussed in our paper.

In the present paper the methods of "°C T; NMR relaxation and "H — "H cross-
relaxation rate (NOE) have been applied to study the overall and internal molecular dynamics
and also the internuclear distances in the methyl-f-D-galactoside molecule in DMSO — d6
solution. Different models of the spectral densities of the complex motion are discussed. It
will be shown that the assumptions of the internal motion being faster than the overall motion
and the internuclear distance taking a constant value during the internal motion significantly

restrict the applications of the “model-free approach” in our study.

URL.: http://mc.manuscri%tcentral.com/tandf/tmph



Page 5 of 48 Molecular Physics

2. Theory

2.1 Longitudinal and cross relaxation rates

©CoO~NOUTA,WNPE

13 Longitudinal relaxation, T, involves the energy exchange events between the nuclear

15 states and the lattice. The relaxation of the spin pair “/$” can occur across six transitions; the

18 four single quantum transitions, W,is, involving a spin flip of only one of the two spins
21 (either “” or “s”), the double quantum , wss, involving a simultaneous spin flip of both spins

24 in the same direction, and és transition involving a simultaneous spin flip in the opposite

6y

sense. Only dipolar coupling between “1”and “s”will cause double- and zero quantum

29 transitions, Wés and 2';3 , and these will lead to NOE enhancement. For these

WZ';S transitions to occur, the local field resulting from lattice motions must contain
fluctuations at the sum of the resonance frequencies (w; + ws). For és transitions the local

38 field must contain fluctuations at the difference frequency (@ - @s).

a1 The Wy, probabilities of transitions where m = 0, 1, 2 are proportional to the spectral

density functions (Wr’g oc J i’;’(w )). The spectral densities of the spin pair “is”, J;: (w ) are
47 Fourier transforms of the dipolar correlation functions <F,’s” (t)l—‘,.rs" *(t+ r)> and carry information

50 on the reorientation of the is distance vector Rjs:

+ ©
56 Jg’ w)= | <Fig7(t)l-'ig7*(t+r)>exp(—iwr)dr (D

URL.: http://mc.manuscri%tcentral.com/tandf/tmph
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The random functions of time in the dipolar interaction hamiltonian, F;s"(t) for a given

nuclear spin pair /S are:

Fo)=d is (03005° 35,0~ 1] ”
FI§1(1‘) _ d/s (t)sing,g (t)cos ;s (exp(+ip g (1) (3)
Fal(h)= s (sin” 9,5 (Dexp(i2pg (1) ¥

where dis(t) = (uo/47) 7s B Ris(t) is the dipolar coupling constant, 4 is the permittivity of
free space, Rjs is the distance between the spins (i) and (S), ;s and ;s are the polar and
azimuth angles, respectively, describing the orientation of the internuclear vector in the
laboratory frame with the z axis in the direction of the external magnetic field By, 7 and ys are
the gyromagnetic ratios. Thermal motion in a physical system makes the values of 9;s and ¢js
time dependent. The length of the Rjs vector can be time dependent also when only one
proton undergoes internal reorientation. The NMR relaxation of protonated carbons is usually
caused by dipole — dipole interaction with the directly bonded proton spins. The experiments

are performed with simultaneous proton irradiation (continuous-wave proton decoupling) and

the longitudinal relaxation rate of each is spin pair /S equals L =W, +2W, +W, , and
7'113

therefore [31]:

3 3
(w/‘ws)+5‘j:‘15(wi)+;‘ji25(wi+‘*’s)] ©)

URL.: http://mc.manuscrigtcentral.com/tandf/tmph
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112
1

where @; and ws are the angular resonance frequencies of “”and “s”spins.

©CoO~NOUTA,WNPE

The maximum of the steady-state NOE enhancement, 7, is given by the ratio of the

11 cross- relaxation rate to the total, (1/ Tf) , relaxation rates.

16 o
p=lsZno (©)
18 yi UTT)

“y

23 The maximum theoretical value of 77, represents the NOE enhancement expected at /" on
25 saturation of “s”. The maximum 7 will only be reached if the dipolar interaction is dominant
and the other processes negligible (problem I >1/2, paramagnetic impurities like oxygen).

is

30 The cross-relaxation rate, (o, ) , controls the rate of the NOE enhancement transfer

{124

33 between “”and “s”. The NOE effect needs time to build up when the population of a nearby

35 proton is changed by saturation or by its population inversion with a 180° pulse (transient

38 NOE). The definition of ¢’ _is ¢’ _—w__w_. Thus the cross-relaxation rate of a pair of
NOE NOE 2 0

non-equivalent spins “/” and “S” , separated by Rjs, in laboratory-frame, o,"s oF” is related to
44 the following spectral densities [1, 4, 6, 11].

1T 2 0
50 % OE = - [9Jg (w; + a)s)— Jig (a)i -0 )] (7

The values of Tf‘Y can be obtained from the experimental values of T7, of a given carbon,

58 directly bonded to N protons according to the equation

URL.: http://mc.manuscriZ)tcentraI.com/tandf/tmph
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7'1fS — N7‘1 (8)

For proton / directly interacting with (N-7) protons S, as for example the ring proton and the

three methyl protons, the value of the measured cross relaxation rate % NOE is a sum of the

cross relaxation rates given in Equation (7).

LN
O noE = ZZG;;OE )

=l s=2
2.2 Spectral densities for different models of stochastic molecular motions
2.2.1 Single-axial hindered rotation ( Cp)

The majority of the internal motions can be considered as jumps between three or two
equilibrium sites. The values of the potential energy minima at separate equilibrium sites are
the same in this model. The general equations for single axial motions take into account the
simultaneous changes in the orientation and length of the Rjs vector in the motion [20 - 28].
The correlation functions and spectral densities of hopping among two (n =2) A and B or

three (n =3) A, B and C equivalent equilibrium sites are

% T
(Fe wFg" @t+n) = 8T +(sp" - ST )exp(—r|—|) (10)

n

and

URL.: http://mc.manuscri%tcentral.com/tandf/tmph



Page 9 of 48 Molecular Physics

2r
) S (11)

m rm
Jis (w) = (Sn -S
T+w'r
n

©CoO~NOUTA,WNPE

where the correlation time 7, of given reorientation follows the Arrhenius temperature

13 dependence
E
19 Tnh =rgexp(R—'77_) (12)

24 and r 3 and Ej, are the preexponential factor and the activation energy.

27 The correlation function (Equation 10) does not vanish in infinity but converges to a non —
29 zero constant. Therefore, its Fourier transform is divergent, unless the distribution theory is

32 invoked — then the Fourier transform of a constant is Dirac’s delta function.

The most general theoretical equations for the coefficients s”" and $™ due to the hopping

38 of Rjs between two (twofold hindered rotation) and three (threefold hindered rotation)

40 equilibrium sites are given in references [20 - 28]. These, for powdered solids or liquids, are

2 2
46 gm_ < [Fa (A" >+ <[Fg (B >

; (13)

N
~
N
|

2

os m <UL AP >+ <1F7 @) >+ <1Ff o) >
54 53 = : (14)
3

m_ 1/ _m m ;o2
60 82 - 4<[Fis (A)+ Fis B >’ (15)

URL.: http://mc.manuscri%tcentral.com/tandf/tmph
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sy - §<[F,;” (A)+ F (B)+ FJ ()] > (16)

where F]'(A), F;(B), F;'(C) are the values of the random functions (Equations 2 -4) at the A,

B or C sites.
The following isotropic ensemble averages (powdered solids or liquids) of the random

function products are necessary for further calculations of spectral densities:

(FT(X)FD(Y)) = KTd (X)d, (Y)P, (cos(©%, ) (17)

where X = A, B, C, Y = A, B, C, K" equals 4/5, 2/15, 8/15 for m =0, 1, 2 respectively,
. - i 1 i
dis(X) = (uo/47)yi ys AR “(X), dis(Y) = (o/4m)yi 15 TR (Y), Py(eose’ ) = ;(3cos2 of -1

denotes the Legendre polynomial, @%, is the angle between the Rjs vectors at the separate
equilibrium sites.

On substituting the isotropic ensemble averages (Equation (17)) into Equations (13-

16) we find the following coefficients S,T and S;m :

m _,mo 2
Sn =K DI,S R (18)
m m
s =k"s | (19)
where
10
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1
D,* ‘% %)? (20)
and
1
Sy =7 2.2, ds(X)ds(Y)P,(c0S(0, )) Q1)
X Y

The D’ is the root mean square of the dipolar coupling constants dis(X) and

|
S, =7 1dis WZ +dig (B + dig (A)d i (B) (300570 ~ 1)) (22)
or

:l[d (A) (B) +d, (C) +di (A (B)(3c0s20'S, — 1)1 +

dis(A)djg (C)(3COSZO§C D]+ d;s(B)d; (C)(SCOSZOEC—D]

The single-axial rotation can be also of diffusion (small angle jumps) character [15-
17]. The differences in the temperature dependencies of spectral densities of both types of
single-axial motions — diffusional and hindered, Cg, for the same motion parameters are very
small. Therefore, Equation (23) can be applied generally for single axial rotation of Rjs

vector.

2.2.2 Complex motion (Cisp + Cp)

URL.: http://mc.manuscnlpltcentral.com/tandf/tmph
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Molecules in liquids undergo a complex motion; i. e. the overall motion accompanies
the internal motions. The equation for the spectral densities of the complex motion consisting
of hopping among two or three equivalent equilibrium sites and isotropic tumbling of

molecule, (Ciso + Cp), is presented in papers [15, 16, 22, 25, 27 -30].

2r; 2r;
JTw)=K"p 2% —"1s0 . 4_g?) “ison (24)
Iy is 2
T+wr, T+wr,
1SO son
where
5 S
g2 _ n2 (25)
D
and
1 1 1
L (26)
Tison Tiso Tn

Thus, ford;s(4) = d;s (B) = djy (C) and O'y; = O = O}, = O}, according to Equations 25, 22

and 23, s? - (1 -%sinzoés ) (two site jumps) or s? - coszoéS (hindered rotation). Therefore, the

values of S are in the range 0 < S% < 1 as shown in Fig. 1
This parameter S? has been called by Lipari and Szabo [29, 30] the order parameter.

The temperature dependence of the correlation time follows the Arrhenius dependence

, E.
Tiso =70 e~ ) @7

URL.: http://mc.manuscnlpztcentral.com/tandf/tmph
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where, ré,so and Ejs, are the preexponential factor and the activation energy.

©CoO~NOUTA,WNPE

When 7, — oo (no internal motion) and also 75, < 7, (slow internal motion), Equation (24) is

11 reduced to the expression

) 2r;

17 Jj @ )=K"D " ——3— (28)

18 T+w'r,
19 iso

24 Whend (A)=d;s(B) = dis(C)) then Di52 = d,,sz Equation (28) is the well-known BPP

27 expression for isotropic motion [32]. Thus the slow internal motion, (7so < 75), has no

29 influence on the value of the spectral density of complex motion in the high temperature

32 regime.

34 Equation (24) is reduced to a simpler form when 7js, >> 7, (internal motion is much

faster than isotropic overall tumbling):

41 2r;

42 Jg](w) _ KmD, 282 éso (29)
43 s T+wr, 2

44 iso

The spectral density given in Equation (29) is reduced in comparison to this given in Equation
51 (28) when S? < 1. Therefore the T relaxation time minimum corresponding to the slower

53 motion is made shallower by faster motions and does not reflect the minimum associated with
such a motion in the absence of faster motions. Thus each internal reorientation, which is

58 much faster than overall reorientation, contributes a single factor given by Equation (25) to

13
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©CoO~NOUTA,WNPE

Molecular Physics

. . . 2r; .
the relaxation rate at temperatures at which the function 50 reaches a maximum.

T+wr,
iso

Similar conclusions were made in papers 18, 19, 22, 25, 29, 30.

The spectral density given in Equation (29) depends on the product of squares of the
dipolar coupling constant and the order parameter, (D*S?). Therefore, J (@) is not only
sensitive to the order parameter SZ, but also to the value of R,-S'G. For instance, when S = 1, the
difference ARjs of 2 % corresponds to the difference in the value of J."(w)of about 11 %.
The dependence of the spectral density on the product D;s°S?is the reason for the problems in

distinguishing between changes in the relaxation rates appearing in response to the changes in

Djs or S% separately.

2.2.3 Complex motion (Cganiso + Cp)

The anisotropy of the rotational diffusion tensor can be full with the principal values
Dyx # Dyy # Dy, or can be treated as a motion of a symmetrical top (oblate or prolonged) with

Dxx = Dyy # Dz;. A model describing the motion of a rigid molecule of an arbitrary shape has
been developed by Woessner [16], Huntress [33] and Hubbard [34] and Canet [35]1. This
motion of rigid molecules about a threefold axis can be described by the inertial tensor for the
gas phase and by the rotational diffusion tensor for the liquid state. Levy et al. [38] assumed
that the principal axis system of the rotational diffusion tensor was coincident with that of the

inertial tensor. That the diffusion and inertia axes almost coincide and simultaneously, the

" The spectral density due to the complex motion which is a combination of the fully anisotropic overall
molecular tumbling with the internal motion has been recently published in [36, 37]. The formulas obtained in
these papers (Equation (15) in the reference 36) seem to be incorrect, because the authors have neglected the

space averaging of the products of the random functions. They wrote <F,;” (X )F,;n ( Y)> =K mCI',-S (X )O',-S ( Y) R
while it should be (" (X)F(Y)) = K"d, (X)d, (Y)P,(cos(®,, ).

URL.: http://mc.manuscr%‘tcentral.com/tandf/tmph
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sequence of the diffusion coefficients is opposite to the sequence of the moment of inertia was

found for 9-methylpurine in CD3;OD solutions [39].

The expression for the spectral density of anisotropic overall motion of a symmetric

top molecule has been derived by Woessner [16]. The spectral density of the complex motion

(Caniso + Cp) consisting of anisotropic (type symmetrical top) overall motion, Cgpjso, and

internal motion Cp, where n=2 or n =3 marks jumps among three or two sites of equal

energy, can be easily derived in the same way as the spectral density of (Cjso + Cp,) (Equation

(24)):

JZ(w): k"D’

where

Teon Te2 n

2r ar ar
5211 (3c0s2a. — 1) L Ssin2pa. ) el Ssnta. ) 2,
4 IS 1 2 4 IS y IS 1 2
+ W TJ_ + W TC1 + W TCZ
2r 2r
(1- 5211 (3cos?a - 1) Ln  3g2pq )——cin__ Sgde ) “c2n
4 IS y 2 4 IS 1 2 IS y 2
+ W TJ_I'I + W TC1I7 + W TCZH
(30)
(31)
(32)
(33)
15
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1
—=6D, (34)
T
1
T— =5D, + D” (35)
ct
and
1
—- 4D, +2D (36)
c2

;s is the angle between the Rjs and the symmetry axis of the molecule. The main values of
the rotational diffusion tensor (coefficients of rotational diffusion) Dyx = Dy, = D, and D,, =

D, follow the Arrhenius temperature dependence:

D :D”exp(—i) (37)
) 0 RT

1 E|
D, =D -— 38
L =Dyep(-—) (38)

where Dg and Dé are preexponential factors, Ejand E; are activation energies.

2.2.4 The model free — approach

URL.: http://mc.manuscr|1p6tcentral.com/tandf/tmph
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The Lipari and Szabo model considers the spectral densities of a complex motion (Cijso
+ Cp) for Ris = const. This model, known as the “model — free approach”, is often applied to
estimate the jump angles of the internal motions. Lipari and Szabo have proposed to assume
the “free” values of S in the range 0.25 < S? < 1. The value S° = 1 means that the Rjs vector

is not involved in internal motion. It is believed that the lower from 1 the value of S? the

greater the jump angles @’; or @;‘ (Equations (22) and (23)) it characterises. All internal

motions considered are assumed to be much faster than the overall tumbling (7, << 7jso). The
model — free approach does not take into account the activation parameters of internal
molecular motions and changes of the internuclear distances, Rjs.

The order parameter, under assumption of the fast internal motion, can be obtained from the

ratio of spectral densities given in Equations 28 and 29, that is :

82 _ (equat/:on 29) (39)
(equation 28)

If the correlation time of internal motion 7, is known, the same procedure of estimation of the
order parameter can be applied by using full Equation 24 for the spectral density of the

complex motion, that is

82 _ (equat/:on 24) (40)
(equation 28)

Figure 2 presents S? as a function of the ratio Tiso/Tn Obtained with the help of Equation (40)

The internal motion is assumed to be jumps in triple potential (Equation 25, Rjs = const,

s% - coszeé‘? ). Therefore Equation 40 gets the form:

URL.: http://mc.manuscr|1p7tcentral.com/tandf/tmph
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2 27, P 2T.
cos @ls 1so +s’n @ls wson

P 1+ w77, 1+ w77,
S - iso ison ( 4 1)
Tiso

1+a)21,
L

SO

The question is what should be the difference between the correlation times of the internal and

isotropic overall motion of the molecule in order to obtain the true value of S%. As shown in
Figure 2, S’ reaches the value cos2(0.109.4°) =0.11 for the ratio 7s,/7, > 40. Such a great
difference between 7, and 7js, can be expected for the 7, representing hindered rotations of
the CH; group of methyl- D galactopyranoside. The conclusion following from Equations

(39) and (40) is that slow internal motion in comparison to overall motion does not affect the

- . . S
value of T;" in the temperature range corresponding to the liquid phase. S? = — only fora

is
fast internal motion (7, << Ziso). The condition 7™ << 7*is also expected for
macromolecules such as proteins in solution. The protein overall correlation time is in the
range of nanoseconds, while the internal motion correlation times are in the range of
picoseconds [40 —42].

The interatomic distances are in the sixth power in the relaxation equations; therefore,
the differences in the chemical C-H bond length can give serious differences in the values of
T;. It seems that in the majority of situations described in literature, the “model - free
approach” was applied to small molecules and the S? values were obtained in the range 0.75 <
P < 1, the differences in s? originated from the differences in Rjs (the lengths of the C-H

bond).

The “model free-approach” of spectral density cannot be also applied to study the proton-

proton cross-relaxation rate, 0;\81 OF because the assumption Rjs= const can involve significant

18

URL: http://mc.manuscriptcentral.com/tandf/tmph



Page 19 of 48 Molecular Physics

©CoO~NOUTA,WNPE

error. The internal motions lead to changes of proton — proton distances (for example between

a rotating methyl proton and a fixed non-methyl proton).

2.3 The effect of internal motion on the spin lattice relaxation in the liquid state

temperature regime.

The spectral density of a single motion which is Cjs, (Equation (28)) or C, (Equation
(11)) goes through a maximum in the temperature dependence. Therefore ’ CT goes through
a minimum (Equation 5). The minimum due to faster motion appears at lower temperatures

then the minimum of a slower motion. Figure 3 presents the exemplary theoretical
dependencies of T;" versus 1000/T (Equations (5) and (24)) for the [Cjso + C3] complex

motion. The relaxation time minimum corresponding to the slower motion, Cjs, is made

shallower by the faster motion, Cs, and does not reflect the minimum associated with such a
motion in the absence of the faster motion. The line #5 corresponds to 7, = so to the
absence of the C3 motion. The plot #4 represents the case of the internal motion Cj3 slow in
comparison to the isotropic motion Cjso. The lines #5 and #4 overlap, which means that the Cs

motion, characterized by the correlation time 7, (rg = 4><10'13s, E3 =20 kJ/mol), has no effect

on the value of 7" in the temperature regime covering the maximum of the function

2r: .
_Tiso (70 — 1 6x10™s, Eigo= 20.5 kJ/mol).

T+wr,
iso

The shallowest high temperature minimum of 7" is obtained for the complex motion,
whose C3 motion is characterized by the correlation time 7, (z; = 4x10™"s, Ez= 2.5 kJ/mol)

(#1). Plot #1 represents the very fast internal motion Cs. Thus, the internal motion has to be

very fast in comparison to the overall motion, (7, << 7o), to meet Equation (29). Therefore,

19
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special attention has to be paid to the relation between 7, and 7;50. When the motional
parameters of internal motion are not known, the estimated order parameter S? (Equation 39)

can be false. Figure 3 confirms the information obtained from Figure 2
2.4 Carbon — proton distances

Equation 29 permits a very sensitive determination of the internuclear distance. A
relative calibration can be achieved by comparing the T;" or O-;:’OE corresponding to the

unknown distance, Rjs, with that for a pair of spins of the known internuclear separation Ref:

[Ds (R, )S(R,)I* _ oﬁOE(Ris) _ T1i%(Rref) (42)
[Dis (Rref )S(Rref )]2 0;\SIOE (Rref ) T/s (Ris)

where Djs and S%are given in Equations (20) and (25).

The calibration (Equation (42)) is valid only for the same correlation times for Rjs and Rer.
When Rjs is involved in the internal motion, Equation (39) is true in the liquid state
temperature regime when internal motion is much faster than isotropic motion (zjso >> 75 ).
Otherwise, the calculated value of Rjs from Equation (42) will be false. When the relaxation

vectors Rjs = const and Re=const, undergo isotropic motion only, (82= 1), then the relation

R _ Onoe(Rs) _ T (Re)

b= A =1 is fulfilled.
R GNOE (Rref ) T1 (Ris)

ref

3. Experimental
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The "C - T; relaxation times were measured on Bruker Avance (14.09 T) and Varian
Unity (7.05 T) spectrometers at temperatures 300 K, 305 K, 310 K, 315 K, 320 K. The T,
values were obtained by the inversion recovery and the saturation recovery method. Both
methods gave the same T; values. The 0.5 M solution of methyl-B-D-galactopyranoside in
DMSO-d6 was degassed by 5-6 freeze-pump-thaw cycles and sealed in 5-mm tubes before
use. The results of T;7 measurements for seven well resolved protonated carbons (chemical
shift given in Table 1) are presented in Table 2.
Cross-relaxation experiment 1D NOESY [43, 44] was performed on a Bruker Avance (14.09

T) at 300 K, 305 K, 310 K, 315 K, 320 K. The proton-proton cross relaxation rates, 9\ OE’

were measured using the 1D NOESY pulse sequence with the selective excitation obtained
with a gaussian-shaped pulse of approximately 80 ms duration [45].

The initial NOE build up rate depends only on the direct cross-relaxation term:

I.(t)-1.(0)
S.(0)

(t > 0) = 0y, » Where tis the mixing time and /»(t) - I,(0) and S,(0) are the
intensities of the NOE -enhanced of spin / and the selectively irradiated signal from spin S.
The anomeric proton H(C1) was selectively irradiated and the cross-relaxation NOE build-up
was monitored from the anomeric proton to the H(CS) proton and to the protons of the methyl
group. Series of the spectra with different mixing times were recorded up to 16 different
mixing times ranging from 12.2 ms s to 2 s.

Special care was taken to obtain the spectra at short mixing times so that the cross-relaxation

rates o, , could be determined from the linear extrapolation of the intensities at zero mixing

time (initial rate approximation).

4. Interpretation of results in terms of the theory proposed
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4.1. Character of the overall tumbling

The motion of a free rotor in the gas phase can be described by the inertial tensor. It is
relatively easy to calculate the moments of inertia about the inertial principal axes by
diagonalization of this tensor. A schematic drawing of the methyl-B-D-galactopyranoside
(C7H140¢) molecule with respect to the inertial principal axis system is shown in Figure 4.
The main values of the inertial tensor are ly = 981 10 (kg m?), Iy =1128 10 (kg m?) and
l,=1923 10" (kg m?). Thus, the anisotropy of this tensor is ly/lx = 1.15, Lz/lxx=1.96 and
, lzz/l,,=1.7. A rough approximation of the shape of this molecule can be a symmetrical top
with L ~ Iy, < I,,. The orientation of the principal axis of the diffusion tensor or the diffusion
constant coincides with that of the inertial tensor principal axes. The z axis is the major axis
of the molecule. The anisotropy of the diffusion tensor of the overall motion is expected to be
of the same magnitude.

The ">C NMR spectrum of methyl-B-D-galactopyranoside consists of seven well
distinguished resonances of the '°C carbons at the chemical shift given in Table 1. The *CT;
values at the magnetic fields By =7.05 T and Bp= 14.09 T for carbons C1 to C6 are the same
in the limit of experimental error at a given temperature. The steady state NOE values at all
temperatures, approach the asymptotic value of 2.988 to within experimental error, indicating

that these carbons relax predominantly via dipole-dipole interactions and that the extreme

narrowing case ot <<I is fulfilled. The values of the "°C relaxation time 7} (Table 2 and

points in Figure 6) can be obtained from the experimental values of T; of a given carbon atom

according to Equation (8). Methylene carbon atom C6 is bound to two protons and C7 carbon
- to three methyl protons. Therefore, the 7, = 2T; for C6 and T,” = 3T for C7.

At first it should be established if the overall motion of the C7H ;406 molecule in

solution is isotropic or anisotropic. The C6-H and C7-H carbon-hydrogen R;s vectors are
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supposed to participate in the internal motion, therefore, to establish the anisotropy of the
overall motion, the TI” relaxation times of carbons C1 to C5 only should be taken into
account. The angles o5 between individual C-H vectors are calculated and listed in Table 1.
As follows from Equation (5) with (30), the B Tf‘Y relaxation time is a function of o5 angle.
We propose the following method for distinction between the isotropic and anisotropic overall

motions. Lines in Figure 5 represent the theoretical dependencies of T, (Equation (5) and

2900
(30)) with the fixed value D, = 5x 10" exp( QT )[s~"]) as a function of a;, for chosen

ratios Dy /D, (equal 1, 2, 3, 4, 5) and Rjs = 0.105 nm. Points are the values of T;" for

individual carbon atoms C1, C2, C3, C4 and C5 at B = 14.09 T (Table 2). These C1-H to C5-
H R; vectors are involved in overall motion only. The angles of a;s between particular C-H

vectors have been calculated on the basis of the structural data [46] and are listed in Table 1.
The T;" (ous ) dependence presented in Figure 5, suggests that the motion of the molecule is
not anisotropic. The distribution of experimental 7, values around the theoretical curve for

D| |/ D, =1 can be caused by different C—H bonds lengths and the experimental error.

4.2 C — H bonds lengths and overall motion parameters from 13-C longitudinal

relaxation

The spin lattice relaxation of the carbons C1, C2, C3, C4 and CS5 is governed by the

isotropic overall motion only. Assuming the 7;" relaxation time of C1 protonated carbon as
the TI” (R,ef) , where R is the C1-H distance of 0.105 nm, the other C-H distances can be

calculated from Equation (42) and the relaxation time measured (Table 2). The value of

S( R,-s)2 equals 7 for C2-H to C5-H relaxation vectors and also S Rref)2 =1 for the reference
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vector C1-H. The values C-H are presented in Table 2 for each measured value of °C T} .

As follows from Table 2, the average values of C2-H, C3-H and C4-H distances are with very
high accuracy of (0.1040 + 0.0003) nm. The C5-H distance (0.1020 + 0.0003) nm is shorter
than the others.

For methyl-B-D-galactopyranoside the internal motions parameters are known [47]. In
solid methylpyranosides the CH,OH group occurs in the rotameric form (G°), (T), (G+) [48].
In the (G") and (G") orientations the CH,OH group rotates about the C5-C6 bond at about
+120° from the T orientation. Thus the CH, OH group undergoes conformational motion of
trans-gauche type, characterized by the activation energy Ez = 34 kJ/mol and 7, = 2x10™'%s
[47] (Table 3). The activation energy for internal motion can be also determined by the atom —
atom potential method for the isolated molecule. Therefore, it seems that the motional
parameters Epand 7 obtained for solid state are the same when the molecule is in liquid
state. For such parameters the maximum of the spectral density of the internal motion of
CH,OH group is not well separated from the maximum of the isotropic overall motion. As
follows from Table 3, the frequency of the internal motion of CH,OH group is lower than that

of the overall tumbling (72 > 750). Therefore, the effect of the conformational motion of
CH,OH group on the T;* value of C6 carbon should not be expected (see Figure3). The

greater value of T;" of carbon C6 must be a consequence of the length of the C6-H bond

greater than those of the C1-H to C5-H bonds. Assuming again the C1 anomeric carbon as the
reference carbon (S(Rref)2 =1) and S(RC6_H)2:1, the C6-H distance can be calculated from
Equation (42), and the measured relaxation time of C6 carbon. The C6-H distance obtained of
(0.1120 £ 0.0003) nm is the longest C-H distance in molecule (Table 2).

The methyl group undergoes hindered rotation and the parameters of this motion are

E;=4.2KkJ/mol and 7, = 3.8x10°s [47]. The T,* relaxation time of carbon C7 (Table 2)
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being significantly longer than for the other carbons is a result of the methyl group internal

motion. The hindered rotation of CHj group is responsible for a minimum of 7;” of carbon C7

in low temperatures and influences the 7;” minimum at high temperatures. The motional

parameters obtained for the methyl group in paper [47] prove that this internal motion (Cs) is
faster than the overall tumbling. To calculate the C7-H distance (identical for the three C-H
bonds in the CH3 group) we have to insert S(Ris)°=0.11 and S(Ryes)° = 1 into Equation (42).
The C7-H distance of (0.1011 + 0.0003) nm or (0.1040 + 0.0003) nm has been obtained from
the measurements at By = 14.09 T or By = 7.05 T respectively. The value obtained for the
lower magnetic field of 7.05 T seems to be more reliable. The little shorter relaxation times
Tf‘Y at Bp=14.09 T than at By =7.05 T reveal some additional contribution to the relaxation
rate. The source of this contribution can be the spin-rotational mechanism of relaxation [49].
The C-H distances (except C7-H bond) obtained from the 13 C relaxation data are of high
accuracy and it seems that this method can be treated as highly reliable for determination of
these distances. The comparison of C — H bonds lengths obtained in the present paper with
these given in [46] is presented in Table 4.

The best fits of Equation (5) with (28) for C1 to C5 and Equation (24) for C6 and C7

to the experimental data of °C T,* are given in Figure 6 by solid lines. The calculated C-H
distances (Table 4), S3=0.11dc7.47 (eq. (23), O =109.4%, Sy = 0.44dcs.+ (Equation
(22), ©5" =120°) and motional parameters of the internal motions (Table 3) were used for

this fit. The fitted parameters were Ejso and 7, . Two series of experimental data were fitted

(Bo=7.05T — Figure 6a and By = 14.09 T — Figure 6b). The best fit parameters (Eiso, 7.°)

are listed in Table 3.

4.3 Correlation times
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The values of Ejs, and T(i)s° obtained from the best fit (Table 3) were used to draw the

theoretical plot of the temperature dependence of the overall correlation time (Equation (27)),

presented in Figure 7 by the solid line #1. The points are the values of correlation times 7,

for the particular experimental values of Bc T,” . The lines # 2 and #3 (correlation times of
internal motions) are calculated on the basis of the motion parameters given in Table 3 and

Equation (12). As shown in Figure 7, only the correlation time of the CH3 group, 7, (#2), is

much shorter while the correlation time of the CH,OH, 7, (#3), is much longer than 7 (#1).

Iso

4.4 Proton — proton distances and homonuclear cross-relaxation rate.

In the 1D NOESY spectra of methyl-B-D-galactopyranoside the Overhauser effect
between H(C1) to H(C5) and to H(C7) was observed. The chemical shifts of protons H(C1),
H(C5) and H(C7) are 3.97, 3.32 and 3.37 ppm respectively. The 'H, 'H cross-relaxation build-
up curves from 1D NOE experiments obtained by selective excitation of anomeric proton

H(C1) are linear for short mixing times (up to about 0.3 s). For long mixing times, these
build-up curves deviate from linearity. The cross-relaxation rate JﬁOE has been obtained by

the initial build-up rate approximation. The dipolar interactions between spin ’/”— H(C1) and
three methyl spins “s”— H(C7) contribute to the proton-proton cross-relaxation rate H(C1),
H(C7) (Equation (9))

The value of &, from 300 K to 320 K is (0.067 + 0.005) s™" , for protons “/’and “s”
bonded to carbons C1 and C5 (circles in Figure 8a). The proton spin pair H(C1) - H(CS) is not

involved in the internal motion therefore, Equation (7) with (24) can be applied for this fit.
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The value of o ,,,, obtained from the initial build-up rate approximation from 300 K to 320 K

is (0.050 + 0.005) s for proton “/* and three protons “s” bonded to carbons C1 and C7 ,
respectively (circles in Figure 8b). The proton spin H(C7) is involved in the internal motion —

hindered rotation of methyl group. Therefore, the interproton distance R;s between H(C1) and

each methyl spin H(C7) takes three different values Rjs(A), Ris(B), Ris(C) and jump angles

@",, ®%., ®%.. The theoretical values of oy, were calculated from the Equation (7)

where JJ () is given in Equation (24) and also Ejso, 7¢°, E3, 7o were assumed from Table

3. The values of Ris(A), Ris(B), Ris(C) are closely related to the C1-H and C7-H bond lengths
and orientations which are known from the crystallographic data [46]. It seems that the
orientation angles obtained from the crystallographic data are more accurate than the lengths
of the carbon - hydrogen bonds. For example the crystallographic data indicate three different
C-H bond lengths in the methyl group which seems strange (Table 4). Keeping the orientation

angles obtained from the crystallographic data, the distances C5 — H and C7 — H can be
calculated from the best fit of o, to the theoretical equation 7. These distances were only

one of the best fit parameter. They identical with these obtained from the BeT, experiment

and they are listed in Table 4. The distances H(C1) — H(CS), H(C7) — three methyl protons

and jump angles ®%, where X, Y= A, B, and C were calculated individually for each
equilibrium site of X, Y. The theoretical dependences of oy, are presented in Figure 8a and

8b by solid lines. The agreement between the theoretical and experimental cross relaxation

rates o i satisfactory.

5. Conclusions
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Analysis of our experimental data for methyl -B-D-galactopyranoside and their

interpretation in terms of equations describing the nuclear magnetic relaxation of a spin

system undergoing a complex motion permits drawing the following conclusions.

1.

The maximum of the temperature dependence of the spectral density (7.05 T and
14.09 T) of the methyl group internal rotation appears at low temperatures and is well

separated from the maximum of the spectral density of the isotropic motion (73 <<
Tiso). Therefore the internal motion of the CH; group affects the values of Bc 7',"S of

C7 methyl -B-D-galactopyranoside carbon at high temperatures.

The maximum of the spectral density (7.05 T and 14.09 T) of the conformational trans
— gauche jumps of CH,OH is not well separated from the maximum of the spectral
density of the overall motion of methyl -B-D-galactopyranoside molecule. The slow
internal motion of CH,OH, slower than overall motion, does not influence the values
of T,® of C6 carbon.

The °C T relaxation time is a powerful tool to determine the C-H bond length to a
high accuracy.

The overall motion of the methyl-B-D-galactopyranoside molecule is isotropic. The
agreement between the theoretical and experimental cross relaxation rates of spin pairs
H(C1) — three methyl protons is satisfactory when the theoretical equation for the
spectral density takes into account fluctuations of the magnitude of the Rjs vectors
caused by the motion of the methyl protons.

The ‘model — free approach” gives true values of the order parameter S only when
internal motion is very fast (tens times shorter correlation time 7, in comparison to
overall 7;,). The dependence of the spectral density on the product D,-SZS‘2 is the

reason for the problems in distinguishing between changes in the relaxation rates
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appearing in response to the changes in D;s or s separately. Often the values of S%in

the range 0.75 < S? < 1 reflects the differences in the C-H bonds lengths.
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This paper is dedicated to the memory of the NMR relaxation big specialist Donald Eduard

13 Woessner (1930 — 2008).
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Figure Captions

Fig. 1

The values of the order parameter S? for two (solid line) and three (dashed line) site jumps of
Ris vector as a function of jump angle ®”, where n =2 and 3

Fig. 2

The values of parameter s? (Equation (41)), as a function of the ratio (73/7so ).

(7,, =1.6x107" exp(@)[s] ).

iso

Fig. 3

The illustration of temperature dependence of '>C T, (7.05 T) influenced the complex
motion (Equations (5) and (24)). The Rjs vector (Rjs=0.112 nm ) performs the isotropic
overall motion (Ejso = 20.5 kJ/mol and r(’f” =1.6x10"* s) and the C; internal motion

(rg =4x107" s). Different activation energies Ej for the internal motion were assumed:
2kJ/mol - #1, 5 kJ/mol - #2, 10 kJ/mol - #3, 20 kJ/mol — #4). Plot #5 represents 7',"S for the
case of the isotropic overall motion only (Equations (5) and (28)). O;s =109.4°

Fig. 4

Molecular geometry of methyl--D-galactopyranoside with respect to the inertial principal
axis system x,y, z. Inertial and rotational diffusion principal axis systems are assumed to be
coincident. The rotor behaviour can be approximated by that of a symmetric-top rotor with
the Dy and D, coefficients as shown. Dashed lines show the distances from the anomeric
proton C1(H) to the proton at C5(H) and to the methyl protons.

Fig. 5

2460
T

s D

Lines represent the theoretical (with fixed value D, =1x 10" exp(

dependences of 7-1/3 (7.05 T ) as a function of a5 for chosen ratios of D, /D, (equal 1, 2, 3, 4,
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5) (Equations (5) and (30)). The points correspond to the values of 7-1/'5 for the separate
carbons C1, C2, C3, C4 and C5. The values of angles (oys) are taken from Table 1. Rjs=
0.105 nm, T=300K (a), T=310K (b) , T=320 K (c)

Fig. 6

Be spin-lattice relaxation times T,° as a function of inverse temperature for methyl-B-D-
galactopyranoside at two magnetic fields 7.05 T (a) and 14 .09 T (b). (0 - C1,o0- C2,+-C3,
x-C4,A-C5,V -C6, ¢ - C7). Solid lines represent the best fit of Equations (5) and (28) (C1
to C5) or (24) (C6 to C7) to the data. The fitted parameters were Rjs, Eiso, 7.° . The
parameters of the internal motions of CH,OH and CH3; (listed in Table 3) are assumed from
reference 44 .

Fig. 7

Correlation times of the overall and internal motions of the methyl-f-D-galactopyranoside
molecule in DMSO. The points represent the correlation times 75, for particular experimental
values of T,"S given in Table 2 (0 - C1,[1- C2,A-C3,V -C4,0-C5, + - C6, x - C7), while
the lines represent the calculated correlation times: #1 - 75 (Equation (27)), #2 - 73 (Equation
(12)), #3 - 72 (Equation (12)) which are plotted on the basis of the motional parameters listed
in Table 3.

Fig. 8

Temperature dependence of H(C1) - H(C5) (a) and H(C1) - H(C7) (b) cross-relaxation rates,
JﬁOE , for methyl-B-D- galactopyranoside in DMSO (circles). Theoretical curves were fitted
using Equations (7) with (28) (a) and ((24) with (23)) (b) and the motional parameters listed
in Table 3. The interproton distances H(C1)- H(C5) and H(C1) - H(C7) were calculated from

the fitted C5 — H and C7 — three methyl protons distances and space orientation angles taken

from the structural data [46].
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Table 1
5C chemical shift (8, ppm) of protonated carbons and the angle made by C-H and the main

axis of the molecule

Page 34 of 48

Number of carbon Chemical shift Angle between C-H and the
(ppm) major axis of symmetrical

top.
(degree)

C1 75.612 96.07

Cc2 73.887 79.65

C3 70.978 105.15

C4 68.629 165.74

C5 60.936 95.51

C6 56.254

C7 104.929
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Table 2

Molecular Physics

B¢ spin — lattice relaxation times, 7-1/3 =nT, (T7 - the measured value of Bc spin — lattice

relaxation time, n — number of protons bounded to given carbon), of the chemical shifted

carbons in methyl-B-D galactopyranoside and the values of C-H bonds lengths calculated

from Equation (42). The value of Rjerhas been assumed 0.105 nm for the C1-H bond length.

1000/T T° (1409T) (ms)
 Reg(m eI
(I/K) |cC1 C2 C3 C4 C5 C6 C7
Inv. |Sat. |Inv. |Sat. |Inv. |Sat. |[Inv. |[Sat. |Inv Sat. |Inv. |Sat. |Inv. |Sat.
3.333 (671 |670 |630 |636 |619 [620 |609 |622 [573 |575 (960 (964 |5067 |4965
0.105 | 0.105 | 0.1039 | 0.1041 | 0.1036 | 0.1036 | 0.1033 | 0.1037 | 0.1022 | 0.1023 | 0.1114 | 0.1115 | 0.1018 | 0.1015
3.280 754 |748 |717 |709 703 1693 |698 |698 |648 649 [1086 [1106 |5490 |5424
0.105 | 0.105 | 0.1040 | 0.1040 | 0.1038 | 0.1037 | 0.1036 | 0.1038 | 0.1024 | 0.1025 [0.1116] 0.1121 [0.10120.1011
3.226 855 |860 |807 |813 |800 |803 |794 |786 |729 729 |[1244 |1268 [6144 |6552
0,105 (0105 [0.1040 | 0.1040 | 0.1038 | 0.1038 ] 0.1037 | 0.1034] 0.1022 | 0.1021 | 0.1118 | 0.1120 | 0.1010 | 0.1019
3.175 (977 994 (931 |940 |913 [922 [915 |900 |839 |842 |[1419 |1435 [6969 | 6846
0,105 107105 [0.1041 7 0.1040 ] 0.1038 | 0.1037] 0.1038 | 0.1033 | 0.1024 | 0.1021 | 0.1117 | 0.1116 | 0.1008 | 0.1002
3.125 [1120(1114]11058 1060 | 1029 | 1028 |1034 |1023 |951 (953 [1636 [1609 7830 |7998
_O_.i(35"_0-.1-(35_"()-.1_0_4_0_ 0.1040 [ 0.1035 [ 0.1036 | 0.1036 | 0.1035 | 0.1022 | 0.1023 | 0.1118 | 0.1116 | 0.1005 | 0.1009
T (7.05T) (ms)
3.333 [652 613 617 631 568 986 5838
0105 Jorozo|  Joioso| ¢ 0.1044] [ 01026 | o112s| | 01047|
3.280 |756 692 687 715 630 1091 6447
0.105 0.1035 0.1033 0.1040 0.1019 0.1116 0.1039
3.226 827 778 761 778 688 1199 7140
0105 | 01039 | 01035|  Jo1ozo|  |oio1s| | 01117 0.1041
3.175 |917 879 851 879 773 1352 7743
| _0_.1_(55- T E)._1_0_4_3 0.1037 0.1043 0.1020 0.1120 0.1037
3.125 (970 939 918 943 808 1434 8226
0.105 0.1044 0.1040 0.1045 0.1018 0.1121 0.1038

Inv. — method of inversion recovery, Sat. — method of saturation recovery
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Table 3

Molecular Physics

Motion parameters of methyl-B-D-galactopyranoside

Page 36 of 48

Motion Activation energy [kJ/mol] Preexponential factor of
correlation time [s]

Overall 20.5 1.6:10™"

Methyl group hindered 4.2 3.8-10"

rotation*

Methylene group trans- 34 210"

gauche motion*

*Data obtained from methyl-f-D-galactopyranoside studied in solid state [47]

Table 4

Apparent interatomic distances derived from "*C T, (7.05 MHz, 14.09 MHz) and

crystallographic data [46] for methyl--D-galactopyranoside.

DISTANCES (present paper) (crystallographic
(nm) data)
(nm)
Cl-H 0.105 0.106
C2-H 0.104 0.108
C3-H 0.104 0.100
C4-H 0.104 0.104
C5-H 0.102 0.111
C7 — H (methyl 0.104 0.091,
group) 0.088,
0.113
C6-H 0.112 0.106,
(methylene 0.103
group)
H(C1) — H(C5) 0.218 0.217
H(C1) -H(CT)* | 0.284, 0.289,
0.354, 0.339,
0.235 0.236

*This distance assumes three values corresponding to equilibrium sites during C; rotation of

methyl group.
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Fig. 5b
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Fig. 6a
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