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Asymmetry in three-site exchange NMR relaxometry

Neighborhoods explored in 2D vacancy-diffusion simulations

i B

Moore neighborhood von Neumann neighborhood
hexagonal neighborhood triangular neighborhood

Figure S1. Simulation neighborhoods (grids) of range 1 for jumps from the center
position (dark grey) to neighbor positions (light grey). All three asymmetry parameters
from Eqn. (4) were calculated at each simulation run. Only the vacancy-diffusion
simulations produced with the Moore neighborhood obeyed Eqn. (4), while all gas-
diffusion simulations did.

Empirical Ansatz for the estimation of the transition probability from AU and AS
In an effort to introduce interactions between a particle and its surroundings, a quantity
reminiscent of the free energy change AA = AU —T AS is determined from crude
models of the internal energy change AU = —F AR defined by the net force F exerted
from all neighboring particles on the particle at stake and the length |AR| of the jump

to the next cell, the temperature T, and the entropy change AS. The force F between

1

in
|AR|?

two particles follows Newton’s inverse square distance law. It is proportional to

the direction ofﬁAR from an occupied cell j to the particle i under consideration. The
total force the particle i experiences is estimated from the vector sum of the forces
exerted from the particles j in all occupied neighbor cells (Fig. 2a),
1
Fi:ijARj,i- (1)
The internal energy change AU;; = —(F; — F;)AR;; = F;AR;; is modeled for each

potential jump from the initial, occupied cell i to the final, empty cell f by the product
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Asymmetry in three-site exchange NMR relaxometry 2

of the net force F; with the vector AR, ; connecting the centers of the initial cell i and
the final cell f.

The entropy change AS = Sy — §; is the difference between the entropies of the
particle with its eight nearest neighbors for the final state f and the initial state i. It is
modeled by the sum of the step lengths R;; = |ARf,i| of the particle i to its unoccupied
next nearest neighbor cells f,

Si = XfrARy;. (2)
In case a neighbor cell is occupied, ARs; = 0. Detailed examples are worked out
below.

The sum of distances has been used as a model for the configurational entropy
S = —kgXZ,P,In(P,), because the configurations on the square grid are discrete and
differ so that the standard formula S = kgIn(W) does not strictly apply. The sum of
jump distances in the Moore neighborhood can be argued to approximate W (but not
the logarithm) apart from some scaling factor. This crude approximation exhibits the
essential features of entropy: The distance sum is zero, if there is only one possible

configuration, and it grows with the number of accessible configurations. For purpose
of calculating a jump probability p = exp {— %} this suffices.
B

In each jump step, an initially occupied cell i is selected at random and p is
evaluated for all possible jumps to neighboring empty cells as potential final cells f. If
for one or more jumps p > 1 is calculated, p is set to 1 and the destination cell of the
jump picked at random from this subset of all potential jumps. If all neighbor cells are
occupied, p = 0, and no jump is counted. If 0 < p < 1 the destination cell is chosen at
random from all those with the same largest jump probability p < 1. In the reported
simulations, the Boltzmann constant kg has been set to 1 and so has the shortest
distance between neighboring cells.

Two other jump algorithms for choosing the destination cell were also tested:
1) Equal probability for all unoccupied neighbor cells, assigning jump probability zero
to occupied cells, and 2) equal probability for choosing the destination cell from all
neighbor cells. Respective results are reported in the main body of the manuscript.
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Figure S2. Checkerboard randomly occupied by particles represented by filled circles.
a) The cells surrounding the initial particle position i are numbered clockwise from 1 to
8. Cells 5,7, and 8 are occupied, the others are empty. The force (green arrow) on the
center particle is calculated as the sum of forces exerted from all particles in the
occupied nearest neighbor cells (blue arrows). The entropy is estimated from the sum
of distances to all neighboring free cells (red double arrows). b-f) The center particle in
a) can jump to any of the free cells 1, 2, 3, 4, and 6, each of which has its own entropy.
The final position f of the jump is identified with a bias given by the jump probability
based on a simple heuristic model of the free jump-energy difference.

Example (Fig. S2):
- Calculation of internal energy change AU;; = —(F; — F;)AR;; ~ F;AR;

Fi=[0+0+0+0 +23%(_11) +0 +23%(:1) + (_01)] - <_2—_11/2)’

o, =), (2.~ (), )

_ (0 _ (-1 _ (0 _ (0
AR = (O),AR6 = ( . ),AR7 = (0),AR8 = (0).
The values of AU for the 8 neighboring cells are
1 ES _1
AU ={-27241,-273,-272 - 1,-1,0,273,0,0}.
- Estimation of entropies S from the distances |AR| to all 8 neighbors in the particle-
centered tic-tac-toe frame:

1 1 1

Initial state (Fig. 2a): S; =224+1+4+224+14+0+14+0+0=3+222
1 1 1
Final state 1 (Fig. 2b): S, =0+1+0+1+22+0+22+1=3+222
1 1 1 1
Final state 2 (Fig. 2¢c): Sy =22+ 0+22+1+22+1+0+1=3+322

1 1 1
Final state 3 (Fig. 2d): S, =0+1+224+1+0+1+22+1=4+222
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|

1 1 1 1 1
Final state 4 (Fig. 2e): Sy =22 +1+22+0+224+0+22+1=2+422
Final state 5: S, = 0

1 1 1 1
Final state 6 (Fig. 2f): Sy =0+ 1+22+0+22+0+22+0=1+322
Final state 7: S,=0
Final state 8: S,=0

The possible entropy changes are

1 1 1 1 1
AS =S-S5, ={0,V2,1,~1+222,-3-223,-2+22,-3 - 225, -3 - 222},

Temperature and pressure dependences of exchange in the complex pore
Relevant results for the pore structure of Fig. 3a are summarized in six graphs in Fig.
S3. All parameters are relative quantities without units. The top three graphs a), b) and
c) show the variation of ag, with temperature for a population fraction of 0.2
corresponding that of a gas. The asymmetry parameter assumes positive and negative
values in a seemingly erratic but reproducible manner in the range of -0.7% < ag, <
0.4% for repulsive interaction (Fig. S3a), i. e. for the definition of the force between
particles as illustrated in Fig. 2a. The interaction can be changed to attractive by
changing the sign of AU in the expression for the free energy. In this case the
asymmetry parameter varies as well, however, only between ~0% < as, < 0.5% (Fig.
S3b). In either case, up to roughly 0.5% of all jumps on the checkerboard proceed in
a circular fashion between the three sites. With reference to Fig. 1, positive a,, reports
that the straight entry route from the bulk into the small pore is preferred over the detour
via the grain surface. This is the case for attractive interaction at T < 2 (Fig. S3b). For
repulsive interactions and temperatures T > 1, as, is negative and the opposite route
is preferred (Fig. S3a). If the destination cell is chosen at random from all free neighbor
cells, then the simulation produces largely noise for ag, (Fig. S3c). The noise level is
two orders of magnitude smaller than the maximum absolute values of ag, obtained
with either repulsive (Fig. S3a) or attractive interaction (Fig. S3b).

At the extrema of the ag,(T) curves in Figs. S3a,b the dependences of the
asymmetry parameters on pressure corresponding to population density were
investigated (Figs. S3d-f). The variations with population density are smoother than
those with temperature. Positive and negative values of ag, result at a low temperature

of T = 0.2 for repulsive interaction (Fig. S3d), whereas either negative or positive
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109 values arise for repulsive (Fig. S3e) and attractive (Fig. S3f) interactions at higher
110 temperatures of T = 2.2 and 1.3, respectively. Interestingly, two well developed

111 positive modes result for attractive interaction at T = 1.3.
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112

113 Figure S3. Asymmetry parameters ag, for diffusion in and out of the grain pore depicted
114 in Fig. 3a as a function of relative temperature T (top row) at a population density of
115 0.2 and relative pressure or population density P (bottom row) at different
116  temperatures. a) a, (T) for repulsive interaction. b) ag, (T) for attractive interaction.
117 c) asy(T) for jumps chosen randomly from all free neighbor cells. d) a, (P) for repulsive
118 interaction at T = 0.2. e) as,(P) for repulsive interaction at T = 2.2. f) a,(P) for
119  attractive interaction at T = 1.3.

120
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121  Population density distributions for different pores and thermodynamic

122  parameters
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125 Figure S4. Maps showing the deviations of the particle density from its mean across
126  the pore. a,b) Model for a porous solid, 107 jumps. c-e) Square pore, 107 jumps. The
127  color scales are different in each plot. The particle concentrations vary more strongly
128  with pressure P than with temperature T. e) Vacancy diffusion in a 32 x 32 pore with
129 random jumps to empty neighbor cells. f) Gas diffusion in a 32 x 32 pore at a long
130  observation time of 1, 108 jumps.
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Matlab code for vacancy-diffusion simulations

o©

Re

o©

o©

De
Scan
pore
para
Pop
T =
prop
Ther
fl =
f2 =
f3 =
Ny =
Nx =
Delt
kB =
Delt

Njump =

% Co
Nx1
Nyl
Nyc
Nxc
Nya

Nxa =

root
fc =
nix=
% Su
SLco
SLn0
if S
if S
Slp
if S

end
if S

end
for

stricted Diffusion

fine input parameters
P = 0;

= 2;

llel planes
= 0.3;

0.8;
flag
mo =

o

o©

o oe

o©

= 0;
0;

oe

oe

I

o©

I

oe

I

o©

I

R R

oe

abp =
1;
aT =

o©

0.04;

oe

o

0.04;
10000000;
nstants and derived
= round (Nx/2) ;
= round (Ny/2) ;
= 3;

oe

pa

o©

I

3
= 1;
4

oe

o©

I

oe

2 sgrt (2) ;
1/ (2*root2);
zeros (2,1);

perLoop for parameter

oe

unt = 0; %
= 1; %
canP == 1 SLcount = 25
canP == 2 SLcount = 50

= zeros (6,SLcount+1) ;
canP

J— I°N
- °

Pop = 0;
SLn0 = 2;
canP == %
T = 0;
SLn0 = 2;
SLn = SLnO:SLcount+1%
if ScanP ==
Pop = Pop + DeltaP
SLp(1l,SLn) = Pop;
end
if ScanP ==
T =T + DeltaT;
Slp(l,SLn) = T;
end
k = zeros(3,3); %
tau = 0; %
taumax = 18*Nx;
if Ny > Nx taumax = 18
P2 = 2; %
while p2 < taumax p2 =

taumax =
acorr =
noisevec =

pZ;
zeros (taumax, 1
zeros (tauma

scan T
(7 x 7);

0 = single pass; 1 = scan Pop; 2 =
1: dent pore (8 x 10); 2: box pore
population-density parameter
temperature parameter

1: active jump probability, 0: random jumps
1: positive DU; 0: DA = 0; else: negative DU
scale factor for force among particles

scale factor for force by wall

scale factor for force by active site

number of cells in y direction

number of cells in x direction
population-density increment

thermal energy constant

temperature increment

number of Jjumps

rameters

detection cell number in y direction
detection cell number in x direction
active site cell number in y direction
acive site cell number in x direction

scale factor for force from corner cells
variation

number of parameter variations:
parameter-variation counter

default is O

; end % vary Pop
; end % vary T

population scan

temperature scan

parameter-variation

loop starts here *****

l

kinetic matrix
initiate calculation of

*Ny; end
determine next power of
p2*2; end

2 larger than taumax

) ;
x,1);

3:

autocorrelation function

|~



194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256

Asymmetry in three-site exchange NMR relaxometry

[

o

°

o

o

o
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ol
Ne
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1
1
2
1

)
)
)
)
1)
2)
3

o

°

o

°

% Set up pore space with boundaries

parallel planes

active site
active site

box pore

[

$ active site

dent pore

define holes

0;

0;

0;
3;

0;
3;
3;
3;
3;

= 0y
0;

= 0;
= 0;
= 3;
0;

= 0;
= 3;
3;

keep empty pore for reference

count available cells

space = zeros (Ny,Nx) ;
if pore > 2
space(l,:) = 2;
space (Ny,:) = 2;
space (1,Nxa) = 3;
space (Ny,Nxa) = 3;
end
if pore ==
space(l,:) = 2;
space (Ny,:) = 2;
space(:,1) = 2;
space (:,Nx) = 2;
space (Nya,Nxa) = 3;
end
if pore < 2
space(l,:) = 2;
space(2,:) = 2;
space (3,:) = 2;
space (Ny-2,:) = 2;
space (Ny-1,:) = 2;
space (Ny, :) = 2;
if Ny >= 8
if Nx >= 6
space (3,Nx1-1)
space (3,Nx1) =
space (3,Nx1+1)
space (3,Nx1+2)
space (2,Nx1-1)
space (2,Nx1) =
space (2,Nx1+1)
space (2,Nx1+2)
space (1,Nx1-1)
space (1,Nx1) =
space (1,Nx1+1)
space (1,Nx1+2)
space (Ny-2,Nx1-
space (Ny-2,Nx1)
space (Ny-2,Nx1+
space (Ny-2,Nx1+
space (Ny-1,Nx1-
space (Ny-1,Nx1)
space (Ny-1,Nx1+
space (Ny-1,Nx1+
space (Ny,Nx1-1)
space (Ny,Nx1) =
space (Ny,Nx1+1)
space (Ny,Nx1+2)
end
end
end
emptypore = space;
% Count and populate available cells
ncO = 0;
for nx = 1:Nx

for ny = 1:Ny
if space(ny,nx) ==

end
end
noc = round(Pop*nc0) ;
if noc == ncO0 noc = ncO0-1;
if noc == 0 noc = 1; end
cellvec = zeros (noc,3);

0 ncO = ncO + 1; end

o

°
en
o

°

number of cells to be occupied
d

track occupied cells

|
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296 c6 = space
297 c7 = space

o

nyi,nximl) ;
nyiml,nximl) ;

possible final position
possible final position

o

257 n = 0;
258 while n < noc
259 nxi = randi (Nx) ;
260 nyi = randi (Ny);
261 if space(nyi,nxi) == 0
262 space (nyi,nxi)=1; % populate
263 n = nt+l;
264 cellvec(n,1l) = n; % track occupied cells
265 cellvec(n,2) = nyi;
266 cellvec(n,3) = nxi;
267 end
268 end
269 poc = -noc/nc0;
270 puc = l+poc;
271 avspace = space; % initiate summing occupation maps
272 % Display cell population
273 subplot (3,2, 1)
274 heatmap (space) ;
275 colormap (redgreencmap)
276 title('initial population');
277 pause (0.1);
278 njactive = 0; % number of active jumps
279 for njump = 1:Njump % BEGIN JUMP LOOP
280 ncell0 = randi (noc);
281 nyi = cellvec(ncellO0,?2);
282 nxi = cellvec(ncell0,3);
283 % Determine force on cell
284 f = 1[0,0]; % force from all neighbors proportional to 1/ (r*r)
285 nxipl = nxi+l; if nxipl > Nx nxipl = 1; end
286 nximl = nxi-1; if nximl < 1 nximl = Nx; end
287 nyipl = nyi+l; if nyipl > Ny nyipl = 1; end
288 nyiml = nyi-1; if nyiml < 1 nyiml = Ny; end
289 nocn = 0; % count occupied neighbor cells
290 ki = 1; % identify initial jump environment
291 ¢l = space(nyiml,nxipl); % possible final position 1
292 c2 = space(nyi,nxipl); % possible final position
293 c3 = space(nyipl,nxipl); % possible final position
294 c4 = space(nyipl,nxi); % possible final position
295 c5 = space(nyipl,nximl); % possible final position
(
(
(

O J o U b W

298 8 =

= space (nyiml,nxi) ; % possible final position
299 if ¢l > 0 nocn=nocn+1;
300 if cl1 <2 f=f + [1,-11*fc*fl; end
301 if ¢l == 2 f = f + [1,-1]1*fc*f2; end
302 if cl > 2 £ =f + [1,-11*fc*£f3; end
303 if ¢l > ki ki = cl; end
304 end
305 if ¢2 > 0 nocn=nocn+1l;
306 if c2 <2 f=f + [1,0]*fl; end
307 if c2 == 2 f =f + [1,0]*f2; end
308 if c2 > 2 f =f + [1,0]*f3; end
309 if c2 > ki ki = c2; end
310 end
311 if ¢3 > 0 nocn=nocn+l;
312 if ¢3 <2 £ =f + [1,1]1*fc*fl; end
313 if c3 ==2 f =f + [1,1]1*fc*f2; end
314 if ¢3 > 2 £ =f + [1,1]1*fc*£3; end
315 if ¢3 > ki ki = ¢3; end
316 end
317 if ¢4 > 0 nocn=nocn+l;
318 if c4 <2 £ =f + [0,1]1*fl; end

319 if c4d == 2 £ =f + [0,1]1*f2; end

| ©
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320 if ¢4 > 2 £ =f + [0,1]1*f3; end

321 if c4 > ki ki = c4; end

322 end

323 if ¢5 > 0 nocn=nocn+1;

324 if ¢5 <2 £ =f + [-1,1]1*fc*fl; end
325 if ¢5 == 2 f = f + [-1,1]*fc*f2; end
326 if ¢5 > 2 f =f + [-1,11*fc*£f3; end
327 if ¢5 > ki ki = ¢5; end

328 end

329 if ¢6 > 0 nocn=nocn+1l;

330 if c6 <2 f=f + [-1,0]1*fl; end

331 if c6 == 2 £ =f + [-1,0]1*f2; end
332 if c6 > 2 £ =f + [-1,01*£3; end

333 if ¢6 > ki ki = c6; end

334 end

335 if ¢7 > 0 nocn=nocn+1;

336 if ¢7 <2 f=f + [-1,-1]1*fc*fl; end
337 if ¢7 == 2 £ =f + [-1,-1]1*fc*f2; end
338 if ¢7 > 2 £ =f + [-1,-1]1*fc*f3; end
339 if ¢7 > ki ki = c7; end

340 end

341 if ¢8 > 0 nonc=nocn+l;

342 if c8 < 2 f=f + [0,-11*f1l; end

343 if ¢c8 == 2 f =f + [0,-1]1*f2; end
344 if ¢c8 > 2 £ =f + [0,-11*f3; end

345 if ¢8 > ki ki = c8; end

346 end

347 % Determine displacement-energy and -entropy changes

348 DU = zeros(8,1);
349 DS = zeros(8,1);
350 p = zeros(8,2);

o

track cell numbers and jump probabilities

351 nx = nxi; ny = nyi; % initial position
352 Sinitial = myentropy (space,Nx,nx,ny,root2);

353  space(nyi,nxi) = 0; % jump from here

354 if cl ==

355 DU(1) = £*[1;-1];

356 nx = nxipl; ny = nyiml; % final position 1
357 DS (1) = myentropy (space,Nx,nx,ny, root2)- Sinitial;
358 end

359  if c2 ==

360 DU(2) = £*[1;0];

361 nx = nxipl; ny = nyi; % final position 2
362 DS (2) = myentropy (space,Nx,nx,ny, root2)- Sinitial;
363 end

364 if c3 ==

365 DU(3) = £*[1;1];

366 nx = nxipl; ny = nyipl; % final position 3
367 DS (3) = myentropy (space,Nx,nx,ny,root2)- Sinitial;
368 end

369 if c4 ==

370 DU(4) = £*[0;1];

371 nx = nxi; ny = nyipl; % final position 4
372 DS (4) = myentropy (space,Nx,nx,ny,root2)- Sinitial;
373 end

374  if c5 ==

375 DU(5) = £*[-1;1];

376 nx = nximl; ny = nyipl; % final position 5
377 DS (5) = myentropy (space,Nx,nx,ny,root2)- Sinitial;
378 end

379 if c6 ==

380 DU(6) = £*[-1;0];

381 nx = nximl; ny = nyi; % final position 6

382 DS (6) = myentropy (space,Nx,nx,ny,root2)- Sinitial;
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end
if c7 ==
DU(7) = £*[-1;-1];
nx = nximl; ny = nyiml; % final position 7
DS (7) = myentropy (space,Nx,nx,ny,root2)- Sinitial;
end
if c8 ==
DU(8) = £*[0;-11];
nx = nxi; ny = nyiml; % final position 8
DS (8) = myentropy (space,Nx,nx,ny,root2)- Sinitial;
end
space (nyi,nxi) = 1; % jump from here
% Calculate displacement probabilities
if Thermo ~= 0 % with thermodynamic contraints
if Thermo == 1 DA = DU - T*DS;
else DA = -DU - T*DS; end
else DA = zeros(8,1);
end
p(:,1) = exp(-DA/ (kB*T));
p(:,2) = 1:8;
if propflag ==1
if ¢l ~= 0 p(l,1) = 0; end % exclude occupied destination cells
if ¢c2 ~= 0 p(2,1) = 0; end
if ¢3 ~= 0 p(3,1) = 0; end
if c4 ~= 0 p(4,1) = 0; end
if ¢5 ~= 0 p(5,1) = 0; end
if c6 ~= 0 p(6,1) = 0; end
if ¢7 ~= 0 p(7,1) = 0; end
if ¢8 ~= 0 p(8,1) = 0; end
end
% Sort displacement probabilities and determine destination-cell number
P = sortrows (p, 'descend');
kf = ki;
nl = 1;
if P(L,1) >=1 % 1f no energetic constraints for jump

for nc = 2:8
if P(nc,1l) >= 1 nl = nl+l; end

end
else

for nc = 2:8

if P(1,1) == P(nc,l) nl = nl+l; end

end
end
ncell = P(randi(nl),?2); % randomly pick the destination cell
% Identify destination cell
space (nyi,nxi) = 0; % jJump from here *xx*x*x*x*xx*
if ncell > 0

if ncell == 1 nyi=nyiml; nxi=nxipl; end

if ncell == 2 nxi=nxipl; end

if ncell == 3 nyi=nyipl; nxi=nxipl; end

if ncell == 4 nyi=nyipl; end

if ncell == 5 nyi=nyipl; nxi=nximl; end

if ncell == 6 nxi=nximl; end

if ncell == 7 nyi=nyiml; nxi=nximl; end

if ncell == 8 nyi=nyiml; end
end
jumpflag = 1; % default: jump is possible
if space(nyi,nxi) ~= 0 % Jjump not possible

nyi = cellvec(ncell0,2);

nxi = cellvec (ncellO, 3);

Jumpflag = 0;
end

[

space (nyi,nxi) = 1; S Jump to there ***¥k*x
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cellvec (ncell0,2) = nyi; % update cell vector
cellvec (ncell0O, 3) nxi;
% Display cell population
njactive = njactive +1;
if njactive <= 10
subplot(3,2,1)
heatmap (space) ;
colormap (redgreencmap)
title(['Jump ',num2str (njump)]);
pause (0.1) ;
end
% Identify destination-cell environment
nxipl = nxi+l; if nxipl > Nx nxipl = 1; end
nximl = nxi-1; if nximl < 1 nximl = Nx; end
nyipl = nyi+l; if nyipl > Ny nyipl = 1; end
nyiml = nyi-1; if nyiml < 1 nyiml = Ny; end
kf = 1;
cl = space(nyiml,nxipl); if cl > kf, kf = cl; end
c2 = space(nyi,nxipl); if c2 > kf, kf = c2; end

c3 = space(nyipl,nxipl); if c3 > kf, kf = c3; end
cd =
c5 = space(nyipl,nximl); if c5 > kf, kf = c¢5; end

c6 = space(nyi,nximl); if c6 > kf, kf = c6; end
c7 space (nyiml,nximl); if c7 > kf, kf = c7; end
c8 = space(nyiml,nxi); if c¢8 > kf, kf = c8; end
% Update kinetix matrix
if propflag == 0 k(kf, ki) = k(kf, ki) + 1;
else if jumpflag ~= 0 k(kf,ki) = k(kf,ki) + 1; end
end
if ScanP ==
if space (Nyc,Nxc) >
noise = puc; % default: position autocorrelation
else noise = poc;
end
avspace = avspace + space; % determine mean population map
for ntau = 2:taumax noisevec (ntau-1) = noisevec(ntau); end

[

noisevec (taumax) = noise; % record noise
for ntau = l:taumax % update autocorrelation function
acorr (ntau)=acorr (ntau) tnoisevec (taumax) *noisevec (taumax+l-ntau) ;
end
end
end $%%%%% END JUMP LOOP
% Show results
pco = 100*noc/ncO0; % percentage of occupied cells
ksum = sum(sum(k)); % total number of jumps
k = k*100/ksum; normalize kinetic matrix to $ of jumps
disp (num2str (datestr (now, 'dd/mm/yy-HH:MM"))) ; % show date & time
disp(['occupied cells: # ',num2str(noc),', % ',num2str(pco)]);
disp(['# Jumps: ',num2str (ksum)]);
disp(['P: ',num2str (Pop),', T: ',num2str(T)]);
asyl = k(1,2)-k(2,1); asy2 = k(1,3)-k(3,1); asy3 = k(2,3)-k(3,2);
disp(['kl2-k21="',num2str (asyl)
k32=",num2str (asy3)1]);
disp('normalized kinetic matrix (number of jumps in %)');
disp (k) ;
SLp(2,SLn) = asyl; % wrap up parameter-variation loop
if ScanP == 0
acorr = acorr/ksum;
avspace = avspace*nc0/ (ksum*noc) ;
spacesum = 0;
for ny = 1:Ny
for nx = 1:Nx

(
(
(
space (nyipl,nxi); if c4 > kf, kf = c4; end
(
(
(

o©

compute noise autocorrelation

o

oe

—~ e~~~

, ', k13-31='",num2str(asy2),', k23-
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508 if emptypore (ny,nx) == 0 spacesum = spacesum + avspace (ny,nx);
509 end

510 end

511 end

512 spacesum = spacesum/nc0;

513 maxocc = 0; % extrema of avspace

514 minocc = 0;

515 for ny = 1:Ny % set boundary to 1

516 for nx = 1:Nx

517 if emptypore(ny,nx) > 0, avspace(ny,nx) = 0; end

518 if emptypore (ny,nx) == 0 avspace (ny,nx) = avspace (ny,nx) -
519 spacesum; end

520 if avspace (ny,nx) < minocc minocc = avspace (ny,nx); end
521 if avspace(ny,nx) > maxocc maxocc = avspace (ny,nx); end
522 end

523 end

524 absmax = maxocc;

525 if -minocc > maxocc absmax = -minocc; end

526 subplot (3,2,2)

527 heatmap (avspace) ;

528 caxis ([-absmax,absmax]) ;

529 colormap (redgreencmap)

530 title('variation of average cell population');

531 xlabel ([ 'Thermo ',num2str (Thermo),', Pop ',num2str(Pop),', T
532 ', num2str(T),"', asy ',num2str(asy3)]);

533 subplot (3,2, 3) % plot autocorrelation function
534 ylim([0,0.B]); O kkkk ok ok ok ok ok ok ok ok ok ok k ok

535 plot (acorr) ;

536 xlabel ('time delavy');

537 ylabel ('autocorrelation');

538 ntau = 2”nextpow?2 (taumax) ;

539 as = fft(acorr,ntau);

540 ass = complex (zeros (ntau));

541 for n = l:ntau/2 % reshuffle

542 ass(n) = as(ntau/2 + n);

543 ass (ntau/2 + n) = as(n);

544 end

545 xaxis = zeros(l,ntau);

546 for n=l:ntau xaxis(n) = n-ntau/2-1; end % xaxis for subplots
547 ylim([0,0.B]); © Kk Kk Kk ok ok ok ok ok ok ok ok ok ok

548 subplot (3,2, 4) % plot FFT of autocorrelation function
549 plot (xaxis, real (ass)); % real part

550 xlabel ('frequency');

551 ylabel ('spectral amplitude');

552 xlim([-ntau/2-1 ntau/2]1);

553 subplot (3,2,5) % plot FFT of autocorrelation function
554 plot (xaxis,imag(ass)); % imaginary part

555 xlim([-ntau/2-1 ntau/2]);

556 xlabel ('frequency');

557 ylabel ('spectral amplitude');

558 xlim([-ntau/2-1 ntau/21);

559 subplot (3,2, 6) % plot nothing

560 avs = zeros (Ny+2,Nx+2) ;

561 for nx=1:Nx

562 for ny=1:Ny

563 avs (ny+1,nx+1) = avspace (ny,nx);

564 end

565 end

566 surf (avs) ;

567 end

568 end

569 %$%%%%% End parameter-variation loop and show result %%%%%%

570 if ScanP > 0
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X = zeros (SLcount+1) ;
y = zeros (SLcount+1l);
for SLn = 1:SLcount+1l
x (SLn) SLlp(l,SLn);
y (SLn) Slp(2,SLn) ; %
end
subplot (3,2, 2) % plot nothing
plot (nix) ;
xlabel ('nix");
ylabel ('nix'");
title(['Thermo ',num2str (Thermo),' Pop ',num2str (Pop),' T

o\

poulation or temperature
asymmetry of exchange matrix

',num2str (T), "' asy ',numZstr(asy3)]);
subplot (3,2, 3)
plot(x,vy);
if ScanP == 1 xlabel ('population density'); end
if ScanP == 2 xlabel ('temperature'); end
ylabel ('asymmetry in % of total jums');

end

function S = myentropy (space,Nx,nx,ny,root2)

S = 0;

nxpl = nx+1; if nxpl > Nx nxpl = 1; end
nxml = nx-1; if nxml < 1 nxml = Nx; end
nypl = ny+1l;

nyml = ny-1;

if space(nyml,nxpl) == 0 S = S + root2; end
if space(ny,nxpl) == 0 S =S + 1; end

if space(nypl,nxpl) == 0 S = S + root2; end
if space(nypl,nx) == 0 S =S + 1; end

if space(nypl,nxml) == 0 S = S + root2; end
if space(ny,nxml) == 0 S =S + 1; end

if space(nyml,nxml) == 0 S = S + root2; end
if space(nyml,nx) == 0 S =S + 1; end

end

Matlab code for gas-diffusion simulations
function [exchangemat,population,asy] =

gasdifsim(speedscale,numparticles,numsteps,dt,diameter,center,numbins)

%%%%% This simulation generates an exchange matrix and population density
%% %%% map for gas particles undergoing elastic collisions. In order the
%%%%% input variables are the scaling factor for the inital velocity

%%%%% profile, the number of particles, the number of time steps, the
%% % %% duration of the time step in arbitrary time units, the diameter of
%%%%% the particles in arbitrary length units, an array of the coordinates
%%%%% for the center of each defect site (i.e. for 7 defects [-0.1 0.1 0.3
%%%%% 0.5 0.7 0.9 1.1], and the number of bins.
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%% %% % Initial condition inputs %% %%

radius(1:numparticles,1) = diameter/2; % same radius for all particles
initialspeed = speedscale.*randn([numparticles 1]); % each particle has a random
initial speed

t = 0; % start time

timearray = (t:dt:(t+dt*numsteps))’; % full time array

step = 1 % iteration step

exchangemat(3,3,numbins+2) = 0; % creates a set of 3x3 matrices, one for each
defect site

bincenter = (1/(2*numbins)):(1/numbins):1;

%%%%% Generates randomized particles %% % % %

%Randomizing initial positions and ensuring no overlap of particles

initialpos = round(rand(numparticles,1)*(numbins?2-1))+1;
for ii = 2:numparticles
while any(initialpos(ii)==initialpos(1:(ii-1)))
initialpos(ii) = round(rand*(numbins”2-1))+1;
end
end

initialpos = initialpos/numbins;
binx = ceil(initialpos);
biny = round((initialpos-(binx-1))./diameter);

for ii = 1:numparticles
initialx(ii,1) = bincenter(binx(ii));
initialy(ii,1) = bincenter(biny(ii));
end
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positionx = initialx; positiony = initialy; % Tracking current positions

theta = 2.*pi.*randn([numparticles 1]); % randomized initial angle of travel
velocityx = cos(theta).*initialspeed; velocityy = sin(theta).*initialspeed; % x and y

velocity components assigned based on random angle calculation

particles = [positionx,positiony,velocityx,velocityy]; % each row defines a particle
with initial positions, velocities, and radius
pos2d = [positionx,positiony]; % Tracking both current position components in one

array

population = zeros(numbins); % empty matrix to track particle locations at each
step

binlimits = [-0.05 (bincenter(2)-bincenter(1)):(bincenter(2)-bincenter(1)):(1-
(bincenter(2)-bincenter(1))) 1.05];

% Boundary definitions for each grid element, total length of x and y

% walls goes from 0 to 1 in arbitrary length units. Each grid element is

% the length of one particle diameter or 1/numbins

% Populates the population density count with the initial positions.
% Takes the inital x and y coordinate of each particle and determines
% which grid element it falls into and updates cooresponding matrix
% element by +1
for pp = 1:numparticles
for ff = 1:(numbins)
for gg = 1:(numbins)
if pos2d(pp,1)>binlimits(ff) && pos2d(pp,1)<=binlimits(ff+1) &&
pos2d(pp,2)>binlimits(gg) && pos2d(pp,2)<=binlimits(gg+1)
population(ff,gg) = population(ff,gg) + 1;
end
end
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end

end

%% % %% Moving the particles %% %% %

for hh = 1:numsteps %looping through each step

step = step+1 %increment to the next time step
t = t+dt; %current time

collisionpair = [J;

% Compares the positions of each possible pair of particles. When
% the coordinates are within 1 particle diameter of each other they
% are considered to have collided. A list of all colliding pairs is
% generated.
for gg = 1:(numparticles-1)
collidingparticle1 = particles(gg,1:2);
for jj = (gg+1):numparticles
collidingparticle2 = particles(jj,1:2);
if norm(collidingparticle2-collidingparticle1) < diameter
collisionpair = [collisionpair;gg jjl;
end
end
end

for Il = 1:size(collisionpair,1)

collidingposition1 = particles(collisionpair(ll,1),1:2); % current position of
colliding particle 1
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collidingposition2 = particles(collisionpair(ll,2),1:2); % current position of
colliding particle 2

collidingvelocity1 = particles(collisionpair(ll,1),3:4); % current velocity of
colliding particle 1

collidingvelocity2 = particles(collisionpair(ll,2),3:4); % current velocity of

colliding particle 2

% Calculation of new velocities for the elastic collision of particles
dr = collidingposition2 - collidingposition1;

dv = collidingvelocity2 - collidingvelocity1;

dvdotdr = dot(dv,dr);

d = norm(dr)*2;

newvelocity1 = collidingvelocity1 - dvdotdr./d.*(collidingposition1-
collidingposition2);
newvelocity2 = collidingvelocity2 - dvdotdr./d.*(collidingposition2-

collidingposition1);

% Replacing the pre-collision velocities with the

% post-collision velocities

velocityx(collisionpair(ll,1)) = newvelocity1(1); velocityx(collisionpair(ll,2)) =

newvelocity2(1);

velocityy(collisionpair(ll,1)) = newvelocity1(2); velocityy(collisionpair(ll,2)) =

newvelocity2(2);
particles = [positionx,positiony,velocityx,velocityy];
end

for kk = 1:numparticles

%checking x boundaries, deflect if collision

if ((particles(kk, 1) - 0) < radius(1) && velocityx(kk) < 0) || ((1 - particles(kk,1))

< radius(1) && velocityx(kk) > 0)
velocityx(kk) = -1.*velocityx(kk);
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%checking y boundaries, deflect if collision
elseif ((particles(kk,2) - 0) < radius(1) && velocityy(kk) < 0) || ((1 -
particles(kk,2)) < radius(1) && velocityy(kk) > 0)
velocityy(kk) = -1.*velocityy(kk);
end

end

% Move particles to their next position and record

positionx = positionx + velocityx.*dt; positiony = positiony + velocityy.*dt;
particles = [positionx,positiony,velocityx,velocityy];
pos2d((numparticles+1):(2*numparticles),:) = [positionx positiony];

for jj = 1:numparticles

% Update population density matrix with the new positions (see
% line 46)
for ff = 1:numbins
for gg = 1:numbins
if pos2d(jj+numparticles,1)>binlimits(ff) &&
pos2d(jj+numparticles,1)<=binlimits(ff+1) && pos2d(jj+numparticles,2)>binlimits(gg)
&& pos2d(jj+numparticles,2)<=binlimits(gg+1)
population(ff,gg) = population(ff,gg) + 1;
end
end
end

%% % %% Counting for the Exhange matrix %% %% %
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% Site 1 is in the body of the pore, Site 2 is the wall, and Site 3

% is the defect site.

for defectsite = 1:(numbins+2)

% Particle is found at a Site 3 grid space at previous time step
if (pos2d(jj,1)<diameter && (pos2d(jj,2)<(center(defectsite)+3*diameter/2) &&
pos2d(jj,2)>(center(defectsite)-3*diameter/2)))

% Particle is still in a Site 3 grid space on current step

if (pos2d(numparticles+ij,1)<diameter &&
(pos2d(numparticles+jj,2)<(center(defectsite)+3*diameter/2) &&
pos2d(numparticles+ijj,2)>(center(defectsite)-3*diameter/2)))

exchangemat(3,3,defectsite) = exchangemat(3,3,defectsite) + 1;

% Particle moved to a Site 1 grid space on current step
elseif (pos2d(numparticles+jj,1)>=diameter && (1-
pos2d(numparticles+ijj,1))>=diameter) && (pos2d(numparticles+ijj,2)>=diameter &&
(1-pos2d(numparticles+jj,2))>=diameter)
exchangemat(3,1,defectsite) = exchangemat(3,1,defectsite) + 1;

% Particle moved to a Site 2 grid space on current step
else

exchangemat(3,2,defectsite) = exchangemat(3,2,defectsite) + 1;
end

% Particle is found at a Site 1 grid space at previous time step
elseif (pos2d(jj,1)>=diameter && (1-pos2d(jj,1))>=diameter) &&
(pos2d(jj,2)>=diameter && (1-pos2d(jj,2))>=diameter)

% Particle is still in a Site 1 grid space on current step



822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855

Asymmetry in three-site exchange NMR relaxometry 21

if (pos2d(numparticles+ij,1)>=diameter && (1-
pos2d(numparticles+ijj,1))>=diameter) && (pos2d(numparticles+ijj,2)>=diameter &&
(1-pos2d(numparticles+ijj,2))>=diameter)

exchangemat(1,1,defectsite) = exchangemat(1,1,defectsite) + 1;

% Particle moved to a Site 3 grid space on current step

elseif (pos2d(numparticles+jj,1)<diameter &&
(pos2d(numparticles+jj,2)<(center(defectsite)+3*diameter/2) &&
pos2d(numparticles+ijj,2)>(center(defectsite)-3*diameter/2)))

exchangemat(1,3,defectsite) = exchangemat(1,3,defectsite) + 1;

% Particle moved to a Site 2 grid space on current step
else

exchangemat(1,2,defectsite) = exchangemat(1,2,defectsite) + 1;
end

% Particle is found at a Site 2 grid space at previous time step
else

% Particle moved to a Site 1 grid space on current step
if (pos2d(numparticles+jj,1)>=diameter && (1-
pos2d(numparticles+ijj,1))>=diameter) && (pos2d(numparticles+ijj,2)>=diameter &&
(1-pos2d(numparticles+ijj,2))>=diameter)
exchangemat(2,1,defectsite) = exchangemat(2,1,defectsite) + 1;

% Particle moved to a Site 3 grid space on current step

elseif (pos2d(numparticles+jj,1)<diameter &&
(pos2d(numparticles+jj,2)<(center(defectsite)+3*diameter/2) &&
pos2d(numparticles+ijj,2)>(center(defectsite)-3*diameter/2)))

exchangemat(2,3,defectsite) = exchangemat(2,3,defectsite) + 1;

% Particle is still in a Site 2 grid space on current step
else
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exchangemat(2,2,defectsite) = exchangemat(2,2,defectsite) + 1;
end
end
end

end

% Current time step is moved to previous time step for next iteration

pos2d(1:numparticles,:) = pos2d((numparticles+1):(2*numparticles),:);

end

% Heat map for the population density, normalized by the average
% population and centered about O

figure

heatmap(population./mean(population,'all')-1)

colorbar

forii=1:7
asy(ii,1) = (exchangemat(1,2,ii)-
exchangemat(2,1,ii)).*100./sum(exchangemat(:,:,ii),"all');
asy(ii,2) = (exchangemat(2,3,ii)-
exchangemat(3,2,ii)).*100./sum(exchangemat(:,:,ii),"all');
asy(ii,3) = (exchangemat(1,3,ii)-
exchangemat(3,1,ii)).*100./sum(exchangemat(:,:,ii),"all');

end

end



