Supporting Information

I “CH.D groups:

Relaxation of ; and L, due to intra-methyl H-H interactions:

d|L 3/8 0 3/8 1/4 174 o ||| L
—| =k, 1J,,, (0 +J,. (o +J,. Qo 1
dt| L, 1 (0) 0 3/8 1t (@) 1/4 3/8 1t (20 0 1/4]J|L,
Relaxation of L; and L, due to interaction with external protons:

diL, | _ 7 =2 15 -6 18 —12 ||| L;
E[LZ}__kHHEXT JEXT(O)|:_2 7:|+JEXT(a)H)|:_6 15:|+JEXT(20)H)|:_12 18} |:L2}

Relaxation of L; and L, due to intra-methyl C-H/H-H cross-correlated interactions:

d|L 1720 1/4 0 L
—| 1| =~k J 0 +J w 1
dt L2 CH/HH CH/HH( ) 0 ~1/2 CH/HH( H) 0 _1/4 L2

Relaxation of L; and L, due to intra-methyl C-H interactions (auto-correlated terms):

1/76 0 1/74 0 1/74 -1/8
im“k IO A AeS B 1/4}+JCH(a>H)[_U8 1/4} H

=—Kc
dt| L, " L,

1/24 0 1/74 0
+JCH(wH_a)C)|:O 1/24:|+JCH(0)H+COC)|:O 1/4}

Relaxation of ; and L, due to intra-methyl C-H/C-H cross-correlated interactions:

d L[ _ x 1/8 -1/8 x 1/24 0 . ~1/4 0 L[
E[Lz}__kCH{JCH(wH)Ll/s 1/8}+JCH(0)H_0)C)[ 0 —1/24}+JCH(wH+wC)[ 0 1/4}}{%}

Inthe above, L; = | f>|2>< f|<3 |+ |a>|1><a|<2|and L= |F>1>< B2 |+ |a>2><a|<3| (see Fig. la for definitions of

eigenvectors in the "*CH,(D) spin-system). R”. 2H- RSZ,H is calculated as the difference between relaxation rates of L; and L,.

II. "CH; groups:

Relaxation of L;, Ly, L3, L, due to intra-methyl H-H interactions (auto-correlations):

Ly-Ls 3/4 0 0 0 1 0 0 0 3/2 0 0 0 Ly—-Ls
d| L 0 3/4 0 0 0 1 1/4  ~2/4 0 1/2 0 0 L
- ? :_kHH JHH (0) +JHH (wH) +JHH (20)H) ?
dt|L;+1L; 0 0 3/4 0 0 1/4 1 24 0 0 1/2 0 Ly+Lg
Ly 60 0o 0 0 2/4 /4 374 0 0 0 1/2 Ly
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Relaxation of L;, Ly, L3, L, due to intra-methyl H-H cross-correlated interactions:

L;-Ls 3/4 0 0 0 1/2 0 0 0 3/2 0 0 0 L;-L;
d| L 0 -3/4 0 0 0 0 -1/4 2/4 0 1/2 0 2/2 L
- 2 = —kyy 3 (0) +J (@) \/— +J i Q) \/— 2
dt| Ly +1L; 0 0 3/4 0 0 —1/4 1/2 2/4 0 -1/2 0 Ly+Lg
Ly o 0o 0 0 0 ~2/4 274 174 o 2/2 0 0 L
Relaxation of L;, L,, L3, L, due to interactions with external protons:
L —Lg 9 0 0 0 21 0 0 0 30 0 0 0 Ly —Lg
d| L 0 9 -4 22 21 -12 &2 30 24 1242 L
- ? = Apn JEXT(O) \/— +JEXT(wH) \/— +JEXT(2wH) \/_ ?
dr|L;+13 wr 0 4 9 2 12 21 -6 24 30 2 || L+ Ls
Ly 0o 2k 2 7 0 62 -2 15 0o 122 -1z 18 Ly
Relaxation of L;, Ly, L3, L, due to intra-methyl C-H auto-correlated interactions:
1/6 0 0 0 1/4 0 0 0 3/8 0 0 0
0 1/6 0 0 0 1/4 0 0 0 3/8 -1/4 0
J., (0 +J., (o +J., (o
Ly -Lg cn(0) 0 0 1/6 0 cn(@c) 0 0 1/4 0 cn(@y) 0 -1/4 3/8 0 Ly -1
i L, k. 0O 0 0 1/2 0 0 0 3/4 0 0 0 3/8 L,
H
dt| Ly +L; 3/4 0 0 0 1/8 0 0 Ly+L
L 0 3/4 -1/2 0 0 -1/12 0 L
4 4
+J ., (o, +® +J. (0, —o
o (@y + 0c) 0 -1/2 3/4 0 cn (@ — @) 0 -1/12 1/8 0
0 0 0 3/4 0 0 1/8
Relaxation of L;, L,, L3, L, due to intra-methyl C-H/C-H cross-correlated interactions:
0 0 0 0 0 0 0 0 1/4 0 0 0
0 0 0 0 \ 0 0 0 0 0 174 -1/4 24
Ju@ 00 S | I EV A R 5
L]—Lj, 0 -1/4 1/4 —2/4 LI—L3
d| 1, . 0 0 0 -1/3 0 0 0 -1/2 0 Vs 24 o L
. “tcu
dt|Ly+Lz 1/2 0 0 0 1/12 0 0 0 Ly+Lg
L L
4 \ 172 -1/2 22 0 2 -1z 22 4
+J 5y (0, + @) +J oy (0, — o)
0 12 12 22 0 2 112 2
0o 22 22 o 0o 22 22 o
where
2 2 2 4 2 2
P “6iyy () (NP, [t 6hmc_k _[# 6h7H7c_
HH — 4 6 MHHp, — 4 4 )6 > Memn — 4 > fen — 4 ’
T Tan T rHHEXT 7 rHHrCH T rCH

Y is the gyromagnetic ratio of spin k, ry is the distance between spins K and /, My is the vacuum permeability constant.
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In the above, L;, L,, L;, L, are defined as in the main text (see Fig.1b for definitions of eigenvectors in the ('*C)H; spin-system):

L L, =~3(13><4|—-|1><2])
L+L, =\3(3><4|+|1><2|)
L,=(2]2><3|+|5><6|+|7><8])
L, =~2(12><3|-|5><6|—|7><8])

The form of the spectral density function, J( a)), used for all numerical simulations described in the text is as follows,

_ %
1+ (wr,.)

T
2
+ [P2 (COS e,u,v ) - chisSaxis,,uSaxis,v } <

_1le
Tl @7 5] Sed T r)

s axis, (1 axis,v

where £/ and Vindex the interactions (£/=V and L#V for auto- and cross-correlated spectral density functions, respectively; above, the cross-correlated

spectral density functions for C-H/C-H and H-H/H-H interactions are labeled with superscript X); Suyis is the generalized order parameter of the methyl
three-fold axis; Pz(x ) = %(3)6 2 1), and Hmm is the angle between the methyl symmetry axis and vector a that connects a pair of spins; Sux,-s,a =
P. 2( Qmw); Tc is the rotational correlation time of global molecular reorientation; 1/ 7, =1/ ‘L}‘f' 1/ Tc, where 7 is the correlation time of (fast) local
motions. For external interactions the following simplified form of the spectral density was assumed:

1 %

S pxr (@) = s m

where all the symbols are defined above. R 2H- RSZ,H is calculated as the difference between relaxation rates of L; + L; (the scheme of Figure 4b, top)

and L, or between relaxation rates of L; - L; (the scheme of Figure 4b, bottom) and L.
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