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S2. Models with a single copper paddlewheel dimer

A single paddlewheel dimer is the simplest model for calculating '*C chemical shifts of
aromatic carbon sites for HKUST-1, using a factor s to scale the energy separation to the
paramagnetic state. In this case, there are two spin states: a singlet and a triplet. The
triplet state is well represented by a single configuration, e.g., Triplet(1) in Fig. S1. The
singlet state is a linear combination of the two configurations Singlet(1) and Singlet(2).
The shielding constants of the singlet state can be approximated through those of the

BS-KS determinants of the constituent configurations, i.e.,

Osinglet = 72(Osinglet(1) + Gsinglet(2)) , Eq. S1

which, because both are devoid of pPNMR contributions and contain only a corb term, are

identical, so that only one needs to be evaluated and osinglet becomes

Osinglet = Osinglet(1) . Eq. S2

The '3C shifts are calculated using this model as a combination of the shifts of

Boltzmann populated spin configurations (with the energy scaled as in Eq. 3).

Gtotal = fsinglet Osinglet + ftriplet Gtriplet , Eq. S3

Table S1. Structural differences in mono-dimer models and CPU time of calculations.[!

CPU time of geomet CPU time of magnetic properties
Model rings carboxylates I 9 ry : gnetic propert

optimisation / min calculation / h®!
M1 4 4 3 45.5
M2 4 12 17 122.9
M3 2 4 2 20.9
M4 1 4 2 15.0

[@a] On a 12-core Xeon cluster node. [b] Includes orbital shielding calculated with
GAUSSIANO09, and EPR tensor and singlet-triplet energy gap calculations with ORCA.
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Fig. S1. Spin configurations of model M4 (see Fig. 2 and Table 1). Blue and red arrows
represent the spin states of the unpaired electrons. The dashed box indicates a
combination of configurations into a single spin state. The number in parentheses labels
the configuration. The following number is the energy (in cm~') of that configuration
relative to the ground state, evaluated at the CAM-B3LYP/II level using the GFN2-xTB

optimised geometry. Atoms are coloured brown = Cu, red = O, grey = C and white = H.

9 M3 9 M4
Fig. S2. GFN2-xTB optimised structures of models M1-M4 (see Fig. 2 and Table 1).

Atoms are coloured brown = Cu, red = O, grey = C and white = H.
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Table S2. Cu-Cu distance and AEst for the mono-dimer models.

Model Distance / A AEsT / cm™ SAEsT / cm~"
M2 2.611 205 398
M1 2.591 208 387
M3 2.600 215 383
M4 2.605 219 379

[a] Note that the scaled singlet-triplet energy gaps, sAEst, are much closer to experimental

exchange couplings in MOFs (for example —334 cm~"in STAM-1)S" than the unscaled AEsr.

Table S3. Fitted computed '3C shifts (in ppm) for model M4 at 298.2 K, obtained by introducing
Weiss constant (®) or scaling the as-calculated AEst. The experimental shifts of activated
HKUST-1 are also quoted for comparison.

Site ®=-170K AEsT = 1.73 AESsT(as-calc) Exp.
C1 785.1 786.4 786.4
C2 -114.6 -115.2 -86.2
C3 170.4 170.4 227.5

Table S4. Computed '3C shifts (in ppm) of models M1 to M4 at 298.2 K with respective scaling
factors, s, determined by minimising the MAD of all resonances for three carbon sites of the
model.

exp. M1 M2 M3 M4
s / 1.86 1.94 1.78 1.73
C1 786.4 786.4 786.4 786.4 786.4
C2 —-86.2 -126.0 -103.2 -120.4 -115.2
C3 227.5 185.5 191.2 185.5 186.1

S5




S3. Models with two copper paddlewheel dimers

Expressions for calculating '3C shifts for di-dimer models

Increasing the number of dimers in a model introduces more spin configurations. The
important question is, how many of these configurations combine into how many distinct
spin states. For instance, Singlet(1) - Singlet(6) in Fig. S3 all have the same multiplicity,
but it is reasonable to assume that configurations Singlet(5) and Singlet(6) describe a
different electronic state than Singlet(1) - Singlet(4) because, in the former the spins
within a single dimer are uncoupled, whereas in the latter they are paired. The state with
the uncoupled spins, Singlet(6), with the spin distribution [11][]]] (where the square
brackets group spins from the same dimer), would be expected to constitute an excited
singlet state, together with the corresponding configuration where all spins are flipped,
Singlet(5). Although the shielding constants of these BS-KS configurations are identical,

the spin configurations are two different spin states (see below for analogous Singlet(5)

and Singlet(6) of the tri-dimer model in Fig. S13).
11 11 tt ll ll tt L)
Quintet(1) 439 Singlet(6) 438 Singlet(5) 438

PRSP P

Triplet(4) 219 Triplet(3)220  Triplet(2)220  Triplet(1) 219

11y 4 oty 1y

Singlet(4) 1 Singlet(3) 1 Singlet(2) 0 Singlet(1) 0

relative energy

Fig. S3. Spin configurations of model D1 (see Fig. 2 and Table 1) All nomenclature and

colouring schemes are as in Fig. S1.

S6



The question now is whether configurations such as, e.g., Singlet(1) and Singlet(2)
belong to two distinct states [[1]1[11], [1l][T!], or, more likely, to a single state (each in
combination with the configurations where all spins are flipped, i.e., [[TI[{1]*+[1{1[1]] for
Singlet(1) and Singlet(2), and [[11[T{]+[1T!][{1] for Singlet(3) and Singlet(4), as shown
schematically in Fig. S4), or whether they combine into a more complicated state (i.e.,
AT LI LI LA LTI LI D). In the first case, the shielding constants of these

singlet states would be obtained as

o1 = Y2( Osinglet(1) + Osinglet(2)) and o2 = Y2( Gsinglet(3) + Osinglet(4)) , Eq. S4

whereas, in the latter case, the shielding constant would be

o = Va( Osinglet(1) + Osinglet(2) + Osinglet(3) + Osinglet(4)) - Eqg. S5

In practice, osinglet(1) Will be very similar, essentially indistinguishable, from the shielding
constants of the singlet configurations Singlet(2)-Singlet(4), so that all conceivable
singlet states based on these configurations will have essentially the same o values.
However, their weights in the final pNMR expression will depend on whether they are
treated as a single state (the ground state), or as two distinct, near-degenerate states.

The same considerations apply to the triplet configurations Triplet(1)-Triplet(4) in Fig. S5.
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Fig. S4. Spin configurations of model D1, as shown in Fig. S3. Dashed boxes indicate

configurations that are combined into a spin state in Eq. S7.
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Fig. S5. Spin configurations of model D1. Dashed boxes indicate configurations that are

combined into a spin state in Eq. S8.

In principle, this question could be addressed with suitable multi-reference configuration
interaction calculations, but in practice, the systems are much too big for any sensible
calculations of this kind. We will therefore explore a variety of scenarios assuming a
predefined set of electronic states that are composed of selections from the possible
electron configurations. We will try to validate each of these models through comparison
of the resulting chemical shifts with experimental data for water-loaded STAM-1, the
STAM-17 series and HKUST-1, as well as for dehydrated (activated) HKUST-1.

Di-dimer models D1-D3 (See Fig. 2 and Table 1) were designed for the STAM MOF
series and these can also be investigated as models for HKUST-1. The total number of
spin configurations is eleven (eight excluding the configurations of the singlets where all
spins are flipped) for the di-dimer models and the configurations are shown in Fig. S3.
First assuming each corresponds to a distinct electronic state (Fig. S3), the following

expression for ctotal is Obtained:

ototal = [fs(1) os(1) + fs2) os(2) + fs3) o5(3) + fs@4) os@) + fs5) os(5) + fse) ose) + fr(1) oT(1) +

fre) ot + fr3) ot3) + fr4) ot@) + fa() cam)] / [fs@) + fs@) + fs@) + fs@) + fsi) + fse) + fr1)

+ fr) + fre) + fre) + fam)] , Eq. S6
where the subscript capital letter denotes the spin state (S for singlet, T for triplet and Q
for quintet) and the number in bracket denotes the spin configuration.

S8



This expression assumes the presence of six distinct singlet states and four distinct
triplets. The next step is to explore the consequences of combining some of these into
fewer electronic states that are made up of more individual configurations. Specifically,
as discussed above, in analogy to the open-shell singlet in a single dimer, which is
modelled through the combination of |[1+1], these singlet configurations can be
combined where spins are coupled within a dimer (Fig. S4). This leads to the following

expression for ctotal:

ototal = [Va(fs(1) + fs(2)) V2(os() + os@) + Va(fs@i) + fs@)) Va(os@) + os@)) + fsi) oss) + fse)
ose) + fr(1) o1(1) + fr2) oT(2) + fr3) oT1E) + fr4) oTEW) + fQ1) Q)] / [V2(fs(1) + fsz)) + Va(fs(3)

+ fs@)) + fss) + fse) + fr(1) + fre) + fr3) + fr@) + fa@)) . Eq. S7

With the same reasoning, the four triplet configurations can be combined into two triplet
states consisting of two configurations each (see Fig. $5), namely the linear combination

of Triplet(3)+Triplet(4) and that of Triplet(1)+Triplet(2), which would give the expression:

ototal = [V2(fs(1) + fs(2)) V2(os() + os@) + Va(fs@) + fs@)) Va(os@) + os@)) + fsi) oss) + fse)
ose) + Ya(fr(y + fre) Ye(ot) + ote) + Ya(fre) + fre) Ye(otE) + otwe) + far) cam) /
[2(fs(y + fs2)) + Va(fs@) + fs@)) + fss) + fse) + Va(fr(1) + fr)) + V2(frz) + fre)) + fa)] -

Eq. S8

Assuming Singlet(1) - Singlet(4) to be part of the same state, labelled Singlet(a),
Singlet(5) - Singlet(6) to be part of another singlet state, labelled Singlet(b), Triplet(1) -
Triplet(4) to be part of a single triplet state, labelled Triplet, and Quintet(1) being the

same as before (Fig. S$6), the corresponding shielding constants evaluated as follows,

oS(a) = Ya [os(1) + os(2) + ©65(3) + ©S(4)] , Eq. S9
osp) = V2 [oss) + os6)] , Eqg. S10
ot = Va[oT(1) + oT(2) + ©OT(3) + ©TM@)] , Eq. S11

the following expression for the total shielding is obtained:
ototal = [Va(fs(1) + fs2) + fs@) + fs@)) os@ + Va(fss) + fse)) oswp) + Va(fr(y + fre) + fr) +
fr@) ot + far) cam)] / [Va(fs(r) + fs) + fs@) + fs@)) + Ya(fsi) + fse)) + Va(fro) + fre) + frs)
+ fr@)) + fa@)] . Eq. S12
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Fig. S6. Spin configurations of model D1. Dashed boxes indicate configurations that are

combined into a spin state in Eq. S12.

Comparing model D1 to activated HKUST-1

These scenarios are now applied to selected models, first for "activated" (i.e., guest-free)
MOFs. Fig. S7 shows computed '3C shifts for model D1 against 1000/T (in the range
250 K = T = 348 K), without and with scaling, together with the experimental shifts for
activated HKUST-1. The unscaled shifts are evaluated according to Eqs. S6, S7, S8 or
S$12 with s = 1. Table S5 shows the computed '3C shieldings for model D1 in each spin
configuration at 298.2 K, along with the energy of that configuration relative to Singlet(1).
These shieldings are used to calculate the shifts (Table S6) plotted in Fig. S7 and
following figures of this kind. The scaling is introduced by determining the value of s in
Eq. 3 that leads to the minimum MAD at all temperatures. The values of s obtained are
1.109, 1.789, 1.305 and 1.570 for Eqs. S6, S7, S8 and S12, respectively (see Table S7
for an example of the scaled energies with s = 1.305). Although the absolute values of
the fitted shifts can deviate markedly from the experimental data (particularly for C2, Fig.
S7E), the experimental trends of the temperature dependence are well reproduced by
Eqs. S7 and S8. The calculated shifts from Eqs. S7 and S8 are almost equal at low
temperatures.

In Fig. S7D-F, Eqs. S7 and S8 afford similar agreement between computed and
experimental shifts, making it hard to decide which expression should be preferred. The
MADs for the calculated shifts at each temperature and each carbon site are shown in

Fig. S8. Treating each spin configuration for the di-dimer model as a distinct electronic
S10



state (Eq. S6) does not reproduce the experimental shifts for activated HKUST-1
satisfactorily, and leads to high MADs at lower and higher temperatures. Combining spin
configurations into a minimum number of electronic states (Eq. S12) worsens the
agreement between calculated and experimental '3C shifts and greatly exaggerates their
temperature dependencies, leading to an even higher average MAD over the
temperature range considered here. The assumption of fewer spin states is, therefore,
not supported by these results. The MADs resulting from the use of Eqs. S7 and S8 are
fairly consistent (at ca. 5 ppm) across the whole temperature range. The averaged MAD
from Eq. S8 is slightly lower than that from Eq. S7. Moreover, based on the physical
meaning of the electronic spin states i.e., considering that singlet spin states should

consist of multiple configurations, Eq. S8, should perhaps be favoured.

C1 c2 c3
12004 _— 2807 __——
— -100 4
= 260
% 1000
—200 4
% 240
- O exp.
800 - o//__ . M
SO0 ¢ o 300 - 220 4 © — eq.S6
1 1 1 T T T
— eq. S7
d e —60 f 240
c3 eq. S8
% 800 - e 950 — eq.S12
= O ROy o
Q BN
750 - —100 - 220 4
700 T T T -120 T T T 210 T T T
28 32 36 40 28 32 36 40 28 32 36 40
1000/T /K-’ 1000/T /K- 1000/T /K-

Fig. S7. Plots of temperature variation of the 13C shifts for model D1, using Eqgs. S6, S7, S8 or
S$12 at the CAM-B3LYP/IlI//GFN2-xTB level. Shifts were calculated using (a-c) as-calculated
AEsT (~219 cm™) and (d-f) scaled (using Eq. 3) AEst with s = 1.109, 1.789, 1.305 and 1.570 for
Eqgs. S6, S7, S8 and S12, respectively. See Fig. 1D for the site numbering scheme.
Experimental points for activated HKUST-1 are also shown.
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Table S5. Shieldings (in ppm) of carbon sites in each spin configuration at 298.2 K and the
scaled AEst with respect to the lowest configuration, Singlet(1) (s = 1.305) for model D1 (CAM-
B3LYP/II//GFN2-xTB).

Site cQ(1) OS(1)-(6) oT(1) oT(2) oT(3) OT()
C18l -3086.2 443 -969.4 -1030.3 -1028.4 -968.5

C3 -361.8 48.3 64.8 —240.2 -238.0 64.9
C5 -188.1 411 -108.4 34.7 36.9 -105.7
C4ll -148.3 43.4 -87.6 48.8 48.9 —86.8
C6 141.2 164.9 148.4 166.7 166.6 147.7
Cc2ll 1358.7 3.8 463.8 445 .4 4493 462.9
AE / cm™ 572.34 [b] 286.00 286.65 286.61 285.98

[a] Average of two sites in the model. [b] Singlet(1) - Singlet(6): 0.00, 0.00, 0.72, 0.58, 571.90,
571.88.

Table S6. Calculated '3C shifts (in ppm) at different temperatures using model D1 with s =
1.305 for the as-calculated intradimer coupling of ~219 cm~' (CAM-B3LYP/II//GFN2-xTB), using
Eq. S8.

T/K 250.0 263.0 288.2 293.0 2982 303.0 3132 328.2 348.2

1000/T

/K 4.0 3.8 3.5 3.4 3.4 3.3 3.2 3.0 2.9

Calc.

C1 767.7 778.1 790.1 791.3 792.3 793.0 793.6 792.8 789.0
C3 220.5 221.9 2234 223.6 223.7 223.8 223.9 223.8 223.3
Cc2 -86.6 -91.1 -96.3 -96.8 -97.2 -97.5 -97.8 -97.4 -95.8
C4lal 181.8 182.5 183.2 183.3 183.3 183.4 183.4 183.4 183.2
C5lal 192.3 193.0 193.9 194.0 194 1 194 .1 194 .2 194 1 193.8
Colal 27.2 27.3 27.4 27 .4 27.4 27 .4 27.4 27.4 27.4

Exp. activated HKUST-1
(C1) 767.7 785.0 7884 7947 786.4  798.1 7942 7874 791.2
(C3) 2243 226.0 2269 2276 2275 2279 2276 227.7 227.2
(C2) -805 -848 -86 -874 -86.2 -8.7 -874 -858 -84.8

MAD®! 3.3 5.8 5.3 5.6 6.9 6.7 4.9 7.0 5.7

[a] Not present in HKUST-1. [b] For C1, C2 and C3 carbon sites of HKUST-1.
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T/K Sites

Fig. S8. MADs (a) at each temperature and (b) for sites 1, 2 and 3 in activated HKUST-1,
employing Egs. S6, S7, S8 or S12 to calculate '3C shifts for model D1 with s = 1.109, 1.789,
1.305 and 1.570, respectively (CAM-B3LYP/IlI//GFN2-xTB).

As model D1 has approximate Cs symmetry, the two triplet spin states (Triplet(1)+Triplet(2) and
Triplet(3) +Triplet(4)) should be equivalent. This is similar for the equivalency of Singlet(5) and
Singlet(6). The grouping of Singlet(1)+Singlet(2) and Singlet(3)+Singlet(4) is maintained. Note
that the shifts for equivalent nuclei are calculated as average values for the sites in question

(see labelling in Fig. S3). Eq. S8 can be simplified to

ototal = [2(fs(1) + fs2)) Y2(os() + os@)) + Va(fs@E) + fs@)) Y2(os@) + os@)) + 2 x fsi) osi) +
2 x Va(fra1y + fre)) Ya(ot() + or1) + far) cam)] / [Va(fs¢) + fs@) + Va(fs@) + fs@) + 2 %
fsis) + 2 x Va(fr(1y + fr2)) + fa@)] , Eq. S13

or

ototal = [V2(fs(1) + fs2)) Va(os(t) + osE)) + Y2(fs@) + fs@)) Y2(os@E) + os@)) + 2 x fse) ose) + 2 %
Ya(fre) + fr@)) Y2(ot@) + ot1@) + fau) oam)] 1 [Va(fs¢r) + fs@)) + Ya(fs@) + fs@) + 2 x fse) + 2
Va(fra) + fray) + fauy)] - Eq. S14

Both Eqgs. S13 and S14 have terms for only one pair of triplet configurations, three
singlets and one quintet state. The expressions differ in the choice of states involving
ferromagnetic coupling on a dimer that are used to model the formally symmetry-
equivalent states (e.g., Triplet(1) + Triplet(2) vs. Triplet(3) + Triplet(4)). The factor of 2 in
front of terms (fri) o), i = 1 -4 and fsg) osg), j = 5 - 6) accounts for the other, symmetry-

equivalent state. As mentioned above, if the symmetry were exactly Cs, then osg) (i =1 -
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6) would be equal, as would oT1(1) and oT@4), as well as oT2) and ot@) (and Eqgs. S13 and
S14 would be identical). In practice, small deviations from this symmetry lift these
degeneracies. For instance, ot(1) and oT@4) are similar but not identical (e.g., see Table
S5 for model D1). As shown in Table S7, the use of either set of spin states gives a
similar quality of results. This simplification reduces the number of triplet configurations

that must be calculated, which will be of benefit for the larger tri-dimer models below.

Exploiting the approximate Cs symmetry of model D4, Table S8 shows similar results for
this hydrated model when employing the simplified expressions i.e., Eqs. $S13 and S$14.
The shifts of C1/5 and C6 show a noticeable difference of ~10 ppm, depending on which
of the triplet pair is included. This is because, the guest water molecules apparently

introduce a larger deviation from Cs symmetry.

Table S7. Calculated '3C shifts (in ppm) at different temperatures with fewer spin configurations
for model D1 (CAM-B3LYP/Il//GFN2-xTB).

T/K 250.0 263.0 288.2 293.0 2982 303.0 313.2 328.2 3482
1000/T / K- 4.0 3.8 3.5 3.4 3.4 3.3 3.2 3.0 29

T3 and T4 removede

C11®] 767.7 7782 7901 7914 7924 7931 793.7 7928 7891
C3 220.7 2221 223.6 223.8 2239 2240 2241 2240 2235
C2[bl -86.2 -90.7 -9%59 -9%64 -969 -971 -974 -971 -955
C4 1819 1825 1833 1834 1834 1835 1835 1835 183.3
C5 192.7 1935 1944 1944 1945 1946 1946 1945 194.2
Cé6 27 .1 27.2 27.3 27.3 27.3 27.3 27.3 27.3 27.3
MADIc! 3.1 5.6 5.1 54 6.7 6.5 4.7 6.8 55
T1 and T2 removed!
C1lbl 767.7 7781 790.0 791.3 7923 793.0 793.6 7927 789.0
C3 220.3 2217 2232 2234 2236 223.6 223.7 223.6 223.2
C2] -870 -915 -96.7 -972 -976 -979 -982 -97.8 -96.1
C4 181.7 1824 1831 183.2 1833 1833 1834 183.3 183.1
C5 1918 1926 1935 1935 1936 193.7 193.7 193.7 1934
C6 27.3 27.4 27.4 27.5 27.5 27.5 27.5 27.5 27.4
MAD!c! 3.5 6.0 54 5.8 7.1 6.9 5.1 7.1 5.9

[a] Employing Eq. S13 with s = 1.305 to minimise MADs. [b] Average of two sites in the model.
[c] For C1, C2 and C3 of HKUST-1. [d] Employing Eq. $14 with s = 1.304 to minimise MADs.
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The simplifications from Eqs. S13 and S14 cannot be applied for model D3, since the
CO2Me substituent breaks the symmetry more than the methyl group. However, a new
approximation using an energy difference for a pair of singlet spin configurations, e.g., in
model D3, using 0.00 cm™' for both Singlet(1) and Singlet(2) instead of using an
averaged value of 0.07 and 0.00 cm~', can be made because the difference of computed
results of 13C shifts between these values (within 0.1 cm~') is symmetry independent and
negligible (cf. Tables S9 and S10). Note, all possible singlet states will have essentially

the same o values i.e., os(1)-s6) = os(1). Eq. S8 can then be simplified to

ototal = [fs(1) Y2(os(1) + os@)) + fs@) Ya(os¢) + os)) + fsis) os) + fsis) os) + Ya(fr) + fre)
Ya(ot(1y + o1(2)) + Va(fr@) + fr9)) Va(oT3) + o1@) + far) ocam)] / [fs¢1) + fs@) + fsi) + fsis) + Va(frn)

+ fr) + Va(fre) + fre) + fau)] - Eqg. S15

Table S8. Calculated '3C shifts (in ppm) at different temperatures with fewer spin configurations
of model D4 for hydrated STAM-17-Me (CAM-B3LYP/II//GFN2-xTB).

T/K 278 298 318 338
T3 and T4 removed®?
C11®] 816.8 814.2 808.2 799.6
C3 229.2 228.7 227.7 226.4
C5 190.0 189.8 189.5 189.0
C4lb] 175.9 175.8 175.5 1751
C6 27.3 27.3 27.2 27.2
C2] -55.3 -54.5 -52.5 —-49.5
MAD 7.8 7.8 (6.5)c 7.2 6.5
T1 and T2 removedd
C1lbl 805.9 804.6 799.7 792 .1
C3 218.0 218.0 217.5 216.7
C5 189.7 189.7 189.3 188.9
C4lb] 178.0 177.8 177.5 177 1
C6 28.1 28.1 28.0 27.9
C2] -58.3 -57.7 -55.8 -52.9
MAD 4.5 4.2 (9.3) 3.5 4.0

[a] Employing Eq. S$13 with s = 1.445 to minimise the MADs. [b] Average for two sites in the
model. [c] The value in brackets includes C1 at 298 K. [d] Employing Eq. $14 with s = 1.370 to
minimise the MADs.
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Table S9. Calculated '3C shifts (in ppm) at different temperatures using model D3 with s =
1.330 for AEst of ~219 cm™" (CAM-B3LYP/II//GFN2-xTB), using Eq. S8. Experimental shifts of
activated HKUST-1 are also given.

T/K 250.0 263.0 288.2 293.0 298.2 303.0 313.2 328.2 3482
1000/T / K- 4.0 3.8 3.5 3.4 3.4 3.3 3.2 3.0 29
Calc.
C1l 767.7 779.2 7929 7944 7958 796.7 7979 797.8 7949
C3 2249 2264 2281 2283 2285 2286 228.8 2288 2284
C20l -684 -730 -785 -79.2 -79.7 -801 -80.6 -80.5 -794
C4lal 1826 183.3 1841 1842 1843 1844 1845 1845 1843
C5 1848 1856 1866 186.7 186.8 1869 187.0 187.0 186.8
C6 1822 1823 1825 1826 1826 1826 1826 1826 1826
C7 54.8 54.8 54.9 54.9 54.9 54.9 54.9 54.9 54.9
Exp. activated HKUST-1
C1 767.7 785.0 788.4 7947 7864 7981 7942 7874 791.2
C3 2243 226.0 2269 227.6 2275 2279 2276 227.7 227.2
C2 -805 -848 -8.6 -874 -8.2 -8.7 -874 -858 -84.8
MADbI 4.2 6.0 4.3 3.0 5.6 29 3.9 5.6 3.4

[a] Average of two sites in the model. [b] Calculated for C1, C2 and C3 of activated HKUST-1.

Table S10. Calculated '3C shifts (in ppm) at different temperatures using model D3 with s =
1.330 for AEst of ~219 cm~' (CAM-B3LYP/IlI//GFN2-xTB), using Eq. S15.

T/K 250.0 263.0 2882 293.0 298.2 303.0 313.2 3282 348.2
1000/T / K- 4.0 3.8 3.5 3.4 3.4 3.3 3.2 3.0 29
Calc.
C1lal 767.7 779.2 7929 7944 7958 796.7 7979 797.8 7949
C3 2249 2264 2281 2283 2285 2286 2288 228.7 2284
c2ll -684 -730 -785 -792 -79.7 -801 -806 -80.5 -79.3
C4lal 1826 183.3 1841 1842 1843 1844 1845 1845 1843
C5 1848 1856 186.6 186.7 186.8 1869 187.0 187.0 186.8
C6 1822 1823 1825 1826 1826 1826 182.6 1826 182.6
C7 54.8 54.8 54.9 54.9 54.9 54.9 54.9 54.9 54.9
MAD! 4.2 6.0 4.3 3.0 5.6 29 3.9 5.6 3.4

[a] Average of two sites in the model. [b] Calculated for C1, C2 and C3 of HKUST-1.
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Fig. S9. GFN2-xTB optimised structures of models D4-D6 (see Fig. 2 and Table 1).

Atoms are coloured brown = Cu, red = O, grey = C and white = H.

Table S11. Bond distances (in A) of optimised geometries for model D1 in the Q(1) state, and
changes in bond lengths for different spin configurations (see Fig. S3) at PBEO-D3/AE1 level.

Q(1) S(1) S(5) T(1) T(3) Q(1)e!
Cu-Cu
2.4619 0.0051 —-0.0009 0.0016 0.0017 0.1462
(Averaged)
Cu-O
1.9520 —-0.0002 0.0001 0.0000 0.0000 0.0416
(Averaged)

[a] Optimised at GFN2-xTB level.
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Table S12. Shieldings (in ppm) of carbon sites in each spin configuration of model D1 at 298.2

K, and the scaled energy differences AE with respect to the lowest configuration, Singlet(1) (s =
1.305) (CAM-B3LYP/IlI//GFN2-xTB).

Site

oQ(1) GS(1)-S(6) oT(1) oT(2) oT(3) GT(4)
C1lal -3086.2 44.3 -969.4 -1030.3 -1028.4 -968.5

C3 -361.8 48.3 64.8 —240.2 —-238.0 64.9
C5 -188.1 41.1 -108.4 34.7 36.9 -105.7
C4ll -148.3 43.4 -87.6 48.8 48.9 -86.8
C6 141.2 164.9 148.4 166.7 166.6 147.7
Cc2ll 1358.7 3.8 463.8 445 .4 449.3 462.9
AE / cm™ 572.34 [b] 286.00 286.65 286.61 285.98

[a] Average of two sites in the model. [b] Singlet(1) - Singlet(6): 0.00, 0.00, 0.72, 0.58, 571.90,

571.88.

Table S13. Shieldings (in ppm) of carbon sites in each spin configuration of model D3 at 298.2
K, and the scaled energy differences AE with respect to the lowest configuration, Singlet(2) (s =
1.330) (CAM-B3LYP/IlI//GFN2-xTB).

Site

GQ(1) GS(1)-S(6) oT(1) oT(2) oT(3) OT(4)
C1 -3179.4 44.2 —40.1 -31.0 -2097.4 -1952.8
c1 -3148.2 44.6 -1931.6 -2077.2 -30.3 -39.3
C3 -364.0 40.9 57.9 -240.0 —245.5 56.5
C5 -187.0 48.9 -102.9 45.0 39.0 -102.9
C4 -150.2 42.0 -95.5 -941 199.3 -91.9
C4' -148.0 40.7 -103.8 210.2 -94.9 -94.1
C2 1288.4 5.0 10.3 =27.7 857.8 890.3
Cc2' 1300.2 4.8 898.8 866.0 1.7 -20.7
C6 -29.7 13.5 -17.6 18.8 15.0 -17.8
C7 131.7 132.8 132.2 133.9 132.0 132.2

AE [ cm™ 582.41 [al 291.22 291.80 291.51 290.97

[a] Singlet(1) - Singlet(6): 0.07, 0.00, 0.62, 0.57, 582.08, 582.05.
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Table S14. Shieldings (in ppm) of carbon sites in each spin configuration of model D4 at 298 K,
and the scaled AE with respect to Singlet(1) (s = 1.374) (CAM-B3LYP/II//GFN2-xTB).

Site Q1) GS(1)-S(6) GT(1) GT(2) GT(3) CT(4)
C1 —2847.5 43.1 -105.2 34.0 -1872.9 -1727.2
c1 -2781.9 43.3 -1708.3 -1835.4 -170.3 130.8
C3 -311.9 48.8 54.1 —222.3 -219.1 96.3
C5 -149.1 41.2 -83.8 45.2 33.4 -75.0
C4 -101 45.9 —76.4 189.6 —64.9 —65
c4' -98.8 43.9 -57.5 —60.4 152.3 -53.9
C2 1057.4 4.0 -105.9 85.4 703.6 733.9
cz2 1004.9 5.5 696.7 670.3 125.4 -142.2
C6 144.0 164.8 150.2 167.1 164.6 148.2
AE [ cm™ 514.57 [al 256.50 25717 258.21 257.67

[a] Singlet(1) - Singlet(6): 0.00, —, 0.51, —, 514.18, — (where — denotes omitted value).

Table S15. Calculated 3C shifts (in ppm) at different temperatures using model D4 with s =
1.374 for AEsT of ~187 cm~' (CAM-B3LYP/Il//GFN2-xTB), using Eq. S15. Experimental shifts of
STAM-17-Me are given for comparison.

T/K 278 298 318 338
1000/T / K- 3.60 3.36 3.14 2.96
Calc.
C1lal 803.0 801.9 797 1 789.7
C3 2225 2224 221.7 220.8
C5 189.3 189.3 189.0 188.5
C4lal 176.5 176.4 176.2 175.8
C6 27.6 27.6 27.6 27.5
Cc2lal -53.8 -53.4 -51.7 —49.0
Exp.S?2 STAM-17-Me
C1 / 770.0 / /
C3 222.5 221.3 219.8 218.0
C4, C5b 179.7 179.3 178.7 177.9
C6 25.0 24.8 24.7 24.5
C2 -61.4 -60.3 -55.8 -49.6
MAD 4.6 4.7 (9.3)cl 4.4 3.8

[a] Average of two sites in the model. [b] These signals were overlapped at all temperatures in
the experimental dataset. [c] the MAD in brackets includes C1 at 298 K.
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Table S16. ZFS corrected '3C shifts (in ppm) for model D4 with s = 1.374 for AEst of ~187 cm™
(CAM-B3LYP(BLYP)/Il//GFN2-xTB), using Eq. S15.

T/K 278 298 318 338
1000/T / K- 3.60 3.36 3.14 2.96
c1@l 801.9 800.9 796.2 788.9
C3 2223 222.2 221.5 220.6
C5 189.0 189.0 188.7 188.3
C4el 175.8 175.8 175.6 175.2
C6 27.4 27.4 27.4 27.3
c2wel -54.8 -54.3 -52.5 —49.8

[a] Average of two sites in the model.

Table S17. Shieldings (in ppm) of carbon sites in each spin configuration at 298 K and the
scaled energy differences AE with respect to the lowest configuration, Singlet(1) (s = 1.306) for
model D5 (CAM-B3LYP/II//IGFN2-xTB).

Site GQ(1) GS(1)-5(6) GT(1) GT(2) GT(3) GT(4)
C1 —2867.1 41.6 —-200.2 117.4 -1881.9 -1733.5
c1' —-2807.9 42.3 -1732.2 -1852.5 -136.6 104.6
C3 -277.8 54.7 37.6 -182.4 -196.2 107.8
C5 —245.8 18.4 -154.2 39.9 -2.7 -149.9
C4 -108.7 56.6 -99.2 2414 —-75.3 —69.6
Cc4' -93.2 65.7 —49.6 -55.9 189.5 -41.5
C2 1017.2 4.6 11.1 -33.9 678.0 708.3
c2' 984.5 5.7 685.2 657.0 104.5 -124.7
C6 124.9 130.3 126.9 134.1 126.9 126.4
AE / cm™ 489.08 [al 243.16 243.79 243.16 245.04

[a] Singlet(1) — Singlet(6):0.00, —, 0.46, —, 488.71, — (where — denotes omitted value).
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Table S18. Calculated '3C shifts (in ppm) at different temperatures using model D5 with s =
1.306 for AEsT of ~186 cm~' (CAM-B3LYP/Il//GFN2-xTB), using Eq. S15. Experimental shifts of
STAM-17-OMe are also given.S?

T/K 278 298 318 338
1000/T / K- 3.60 3.36 3.14 2.96
Calc.
C1lal 843.6 839.1 831.2 820.9
C5 232.0 231.6 231.0 2301
C3 214.5 213.9 213.0 211.8
C4lal 166.6 166.3 165.9 165.2
C6 58.5 58.4 58.4 58.4
C20l -59.0 -57.4 -54.7 -51.2
Exp. STAM-17-OMe
C1 / / / /
C5 219.2 218.7 217.9 216.8
C3 217.7 216.4 214.5 212.9
C4 166.0 165.7 165.0 164.1
C6 49.9 50.0 50.3 50.5
Cc2 —-60.3 -57.4 -52.5 —-48.3
MAD 5.3 4.9 5.2 5.3

[a] Average of two sites in the model.

Table S$19. Shieldings (in ppm) of the carbon sites in each spin configuration at 298 K and the
scaled AE with respect to Singlet(1) (s = 1.288) for model D6 (CAM-B3LYP/IlI//GFN2-xTB).

Site cQ(1) GS(1)-5(6) GT(1) GT(2) GT(3) GT(4)
C1 —2869.7 43.7 -198.5 133.3 -1889.8 -1747.9
c1 -2820.2 43.2 -1749.5 -1859.4 -194.0 164.7
C3 —294.6 41.4 18.6 -191.5 -214.8 104.0
C5 -157.4 49.4 -81.3 61.2 26.4 -80.5
C4 -130.9 43.0 -112.1 219.8 -82.7 -85.4
c4' -87.4 42.7 -53.4 -52.4 159.0 -56.3
C2 963.5 6.2 40.1 -54.7 642.3 670.3
c2' 970.0 6.1 671.5 645.4 128.9 -139.3
C6 -25.1 12.8 -14.6 19.9 10.7 -16.3
C7 131.7 132.9 132.2 134.0 132.0 132.2
AE / cm™ 481.4 [al 239.7 240.4 241.9 2411

[a] Singlet(1) — Singlet(6): 0.00, —, 0.4, —, 481.1, — (where — denotes omitted value).
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Fig. S10. Calculated VT plots (solid lines) for substitution effects on '3C shifts of models D4 -
D6, with s = 1.340 (averaged value from the best-fit values for D4 and D5, CAM-
B3LYP/I//IGFN2-xTB), using Eq. S15. Experimental shifts (individual data points) are taken from
reference S2 and S3. (a) C1 (no experimental data), (b) C2, (c) C3, (d) C4, (e), C5 and (f) C6 in
STAM-17-Me and STAM-17-OMe, C7 in STAM-1 (the C6 carboxylate site in STAM-1 has no
analogue in STAM-17-Me/OMe, so is not included in this comparison). Note that C4 and C5 in
STAM-17-Me were not resolved experimentally and the gold points in (d) and (e) are the same.
Second-order polynomial equations (dashed lines) have been fitted to the calculated values to
show that the trends in the shifts with temperature are similar for these models. Note that the

polynomial fit is only applied over the temperature range 253 to 323 K (3.10 to 3.95 K").
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Table S20. Calculated '3C shifts (in ppm) at different temperatures for hydrated STAM-1 and HKUST-1, using model D6 with s = 1.295

and 1.288, respectively, for AEst of ~187 cm™, respectively (CAM-B3LYP/II//GFN2-xTB), using Eq. S$15. Experimental values for both
MOFs are also shown for comparison.S3

Exp. hydrated HKUST-1l

T/K1 25071

258 263t 263 268 273 278 283 293t 298 303t 313 323
1000/T
1K 4.0 3.9 3.8 3.8 3.7 3.7 3.6 3.5 3.4 3.4 3.3 3.2 3.1
C1 870.8 868.2 8634 8654 8650 / 858.6 / 851.8 848.2 8458  843.1 838.1
C3 230.3  229.1 2296 228.7 2285 2285 2282  228.1 227.8 2274 2272 2267 226.4
C2 -587 -548 573 -545 542 529 527 503 -505 505 492 -508 432
Calc. hydrated HKUST-1
T/K 250 258 263 268 273 278 283 288 293 298 303 308 313 318 323
1000/T
1K1 4.0 3.9 3.8 3.7 3.7 3.6 3.5 3.5 3.4 3.4 3.3 3.2 3.2 3.1 3.1
C1] 854.6 8559 856.2 856.1 855.7 855.0 854.0 852.7 8512 8495 8475 8454 8431 840.7 838.1
C3 229.0 229.2 2292 2292 2291 2291 2289 228.8 228.6 2284 2282 2279 227.7 2274 2271
C2M] -549 -553 -554 -554 -553 -550 -547 -543 -538 -532 -525 -518 -51.1 -50.3 -494
C4Mbl 1821 1822 1822 1822 1822 1821 1821 1820 1819 1818 1817 1816 1815 1814 181.2
C5 188.5 1886 188.7 188.7 1886 188.6 1885 1884 188.3 188.2 1881 1879 1878 187.6 1874
C6 1842 1842 1842 1842 1842 1842 1841 1841 1841 1841 1841 184.0 1840 184.0 183.9
C7 548 548 548 548 548 548 548 548 548 548 548 548 548 548 548
3.5
MADC] {7.1} 4.3 3.2} 3.6 1.5 2.3 2.6 / {1.6} 1.7 {2.0} / 0.4 / 2.3
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Exp. hydrated STAM-1[l

T/K

2507 258 263t 263 268 273 278 283 203t 208 3037 313 318 323
1000/T
40 3.9 3.8 3.8 3.7 3.7 3.6 3.5 3.4 3.3 3.3 3.2 3.1 3.1
C2 591 -56.7 -581 -58.7 -56.4 -56.4 -56.0 -54.9 -542 -532 -531 -492 -494 474
C3 2260 2271 2267 226.8 2267 2267 2265 2265 2263 2262 2256 2255 2251 2252
c4 1806 1816 1814 1813 1813 1814 1814 1815 1814 1813 1812 181.1 1811 181.3
c5 1733 1737 1739 1734 1736 1737 1737 1738 1741 1738 1738 1738 173.8 174.0
ce 1773 1767 1782 176.0 1763 1763 1761 1765 178.6 1771 1787 177.3 1774 177.6
C7 481 47.8 486 472 475 476 476 478 491 480 490 484 486 489
Calc. hydrated STAM-1 (D6)
T/K' 250 258 263 268 273 278 283 288 293 298 303 308 313 318 323
1000/T
e 40 39 38 37 37 36 35 35 34 34 33 32 32 31 31
C1bl  850.8 852.3 8527 8527 8524 851.7 850.8 8496 8482 8465 8447 8426 8404 838.0 8355
C3 228.6 228.8 228.8 228.8 228.8 2287 2286 2284 2283 2281 227.8 2276 227.3 2271 226.8
cobl 536 -541 -543 -543 -542 -539 -536 -532 -52.8 -522 -516 -50.9 -502 -49.4 -486
cabl 1819 182.0 1820 182.0 1820 1820 181.9 1819 181.8 1817 1816 1815 1814 181.2 181.1
C5 188.3 1884 1884 1884 1884 1884 1883 1882 188.1 188.0 187.9 187.7 187.6 187.4 187.2
C6 1841 1841 1841 184.1 1841 184.1 1841 1841 1841 184.0 184.0 1840 184.0 1839 183.9
c7 548 548 548 548 548 548 548 548 548 548 548 548 548 548 54.8
6.3
MAD (6.3} 5.6 5.5 58 58 58 55 /| {49} 52 {49y |/ 50 47 47

[a] Data taken from a mix of two series of experiments in both shim temperature controlled and no shim temperature control (see ref. S3
for details), T = shim temperature not controlled. [b] Average of two sites in the model. [c] Calculated for the carbon sites available in the
MOFs (values in curly brackets are calculated for another experimental measurement with no shim temperature control).
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S4. Effects of hydration on aromatic resonances

Analysis of the experimental NMR data for STAM MOFs is complicated by the fact that
the degree of hydration is not always clear, i.e., if indeed all Cu sites are saturated with
water ligands, in particular the hydrated STAM-1. Models with varying numbers of
coordinated water molecules were explored computationally to study the effect of the
extent of hydration. Due to the asymmetry of the CO2Me substituent, there are four non-
equivalent water coordination sites. For simplicity, hydrated derivatives of model D1 are
used here to reduce the number of models that need to be constructed (where there are
two pairs of non-equivalent sites). This simplification will not significantly change the

variation of shifts with temperature according to the results shown in Fig. $S10.

Structures considered for loading with 1 - 5 water molecules are displayed in Fig. S11.
Structure 4 is the hydrated model considered so far, structures 1-X to 3-X were
constructed from this by deleting the appropriate number of water molecules at the
different possible locations. These are models for partially hydrated MOFs. Structure 5
was obtained by adding an additional water molecule interacting simultaneously with two
coordinated water ligands (at the "top" in the orientation of Fig. S11). This model is
designed to include specific interactions with excess water in the pores that are expected

to be present in fully hydrated MOFs.

Models with the same number of coordinating water molecules have similar relative
energies (difference within 1 kcal/mol), with the exception of structure 2-1, which is 1.66
kcal/mol higher in energy than the most stable isomer (AAE values in Table S21). The
dissociation of water molecules from the di-dimer model is an endothermic process (see
the positive AH values in Table S$21 for the removal of water molecules from structure 4
to the structure specified). The as-calculated Gibbs free energies for water dissociation
are negative at room temperature (AG values in Table S21), which implies that the
ligands are unbound, this result is likely to be a consequence of the way the entropies
are computed from standard statistical dynamics expressions (i.e., the ideal gas
approximation). While, in particular, the calculated translational entropies would be
appropriate for the gas phase, they are likely to be overestimated compared to the
situation in condensed phases, where the molar volume available to each particle is

much smaller. This small molar volume will affect the entropic driving forces for
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Fig. S11. Configurations (optimised with GFN2-xTB) of D1-derived models loaded with
different numbers of water molecules. Configuration 4 is the same as model D4.

association/dissociation processes and effectively reduce the absolute value of AS. As a
workaround Martin et al. have suggestedS* to use an elevated pressure in the evaluation
of the thermodynamic corrections (one where an ideal gas of the ligand, water, would

have the same density as the liquid), in order to model binding energies of water ligands
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in aqueous metal ion complexes. This would serve to reduce absolute TAS contributions
by ca. 4 kcal/mol per particle at 298.15 K (i.e., increase the AG values for the
dissociative processes in Table $S21 such that they would all become positive). Because
such a "pressure correction" is somewhat ill-defined for modelling the situation in a pore
inside the MOF, this was not applied here but note that the (small) negative AG values in
Table S21 are likely to be an artefact of the approximations involved and that all water

ligands will actually be bound in the temperature range of interest.

For pNMR calculations, models with the same number of water molecules are grouped
together, and their resonances averaged based on their relative energies, AAE in Table
S21, using a Boltzmann distribution at each temperature. The resulting VT trends in Fig.
S$12 in these models do show some variations with the different water loading, especially
for the most de/shielded sites (Fig. S12A and B). The experimental data set for the
sample of STAM-1 with the unclear extent of hydration (diamonds in Fig. S12) seems to
show trends with temperature that would be broadly compatible with those of the models
loaded with 4 and 5 water molecules (i.e., the coefficients for x? in these fitted polynomial
equations are close). However, it would be difficult to draw any conclusions from these
results regarding the extent of hydration in the experimental sample (note that here we
concentrate on the temperature dependence, the chemical shifts themselves cannot be
compared directly because of the different substituents, Me vs. CO2Me, see discussion

in the main paper).

Table S21. Water dissociation energies of di-dimer models loaded with different number of
water molecules (Fig. $11) for the process of 4 — A + nH20 and 5 — 4 + H20 (at the CAM-
B3LYP(D3)/1l//GFN2-xTB level).lal

Models 1-1 1-2 2-1 2-2 2-3 2-4 3-1 3-2 5

AE (ME ) | 3167 31.34 | 2156 2029 19.88 20.82 | 9.97 10.78 | 13.30
/kcal/mol | (0.48) (0) | (1.66) (0.50) (0) (0.85) | (0) (0.58) | [

AH 26.61 26.27 | 18.18 16.91 1650 17.46 8.27 9.11 .72
/ kcal/mol [

AG (298.15 K)
/ kecal/mol

-124 -195 | -062 -2.02 -220 -098 | -1.33 -0.19 |0.99[

[a] Describing the water dissociation process from structure 4 in Fig. S11 (Model D4) to one of
the other models. Calculated values are corrected for zero-point energy (ZPE) and basis set
superposition error (BSSE). [b] The raw AAE relative to the most stable isomer for the same
water dissociation process. [c] Describing the water dissociation process from structure 5 to 4.
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¢ STAM-1 ---fit

— 1 water ---fit

d 185
y = —=37.11x2 + 243.4x + 403.2 C4 y =—2.227x2 + 14.69x + 158.9
R? = 0.9996 R? = 0.9996
y = —36.89x? + 254.8x + 362.6 Py R y =—1.998x2 + 13.71x + 156.0
R? = 0.9990 180 - * R? = 0.9991
’\
y = —37.06x2 + 260.0x + 351.4 I y = —1.949x? + 13.40x + 155.1
R? = 0.9987 - R? = 0.9991
y = —37.43x? + 272.3x + 325.1 175 y =-1.928x? + 14.11x + 151.6
R? = 0.9992 R? = 0.9994
y = —35.99x? + 263.6x + 313.8 [ y = —1.714x2 + 12.52x + 149.9
R? = 0.9994 R? = 0.9993
170 ; : : y = —2.055x2 + 14.47x + 156.0
R? = 0.3875
€ 200
y = 15.84x? — 105.2x + 79.00 c5 y = —2.683x2 + 17.47x + 165.1
R? = 0.9995 R? = 0.9997
y = 14.52x> — 101.2x + 100.9 — y =—2.503x2 + 17.12x + 162.4
—\
R? = 0.9988 190 - —— R? = 0.9992
y = 14.27x2 - 100.3x + 104.8 S y = —2.435x? + 16.80x + 161.3
R? = 0.9986 R? = 0.9990
y = 13.44x2 — 97.76x + 117.8 180 y = —2.444x? + 17.66x + 158.5
R? = 0.9992 R? = 0.9990
y = 12.34x? — 90.07x + 123.9 y = —2.294x2 + 16.76x + 157.4
R? = 0.9993 L b oo L 2 20PN R? = 0.9993
y=11.41x-91.91x + 126 .8 170 T T T y =-0.786x% + 5.079x + 165.7
R? =0.9415 R? = 0.5033
f 5
y = —4.625x2 + 30.28x + 171.6 C6/7 y = —0.280x2 + 1.837x + 24.57
R? = 0.9996 49 « o R? = 0.9996
y = —4.793x2 + 33.46x + 165.1 ARy ¢ . y = —0.250%2 + 1.744x + 24.44
R = 0.9988 48 MEESEES R? = 0.9994
y = —4.470x? + 31.14x + 164.9 " . b v =-0.279x* + 1.945x + 24.30
R? = 0.9988 7 7 R? = 0.9987
y = —4.765x? + 34.77x + 161.3 28 - y = —0.281x2 + 2.065x + 23.96
R? = 0.9993 R? = 0.9995
y = —4.800x? + 35.21x + 163.7 y = —0.274x2 + 1.997x + 24.15
R? = 0.9994 R? = 0.9993
y = —4.196x2 + 31.26x + 168.5 27 : . I y =2.078x? — 15.84x + 78.01
R?=0.8728 28 3.2 3.6 4.0 R?=0.4076
1000/T / K-
— 2 water ---fit -3 water - - - fit — 4 water ---fit — 5 water ---fit

. Plots showing shift variation with temperature for D1-based models loaded with
= 1.340 (from the best fit for hydrated
STAM-17 series using models D4 and DS5), using Eq. S15 (CAM-B3LYP/IlI//GFN2-xTB).
(a) C1 (no experimental data available), (b) C2, (c) C3, (d) C4, (e) C5, (f) C6 in the model
(containing L3) and C7 in STAM-1 (containing L2). Experimental VT NMR data are for
the STAM-1 sample with an unknown extent of hydration.S3 Shifts for the same site for

the models with the same number of water molecules models are grouped, and then

Boltzmann averaged based on their relative energies (AAE in Table S21).
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S5. Models with three copper paddlewheel dimers

Radial tri-dimer model for activated HKUST-1

Arguably, a tri-dimer model for HKUST-1, such as the radial tri-dimer model Ra1 in Fig.
S13, would be more realistic than the di-dimer models discussed above, as it would
allow the spin systems of three dimer units to communicate via the linker. For six spin
centres in a plane, 32 unique configurations (excluding mirror images with all six spins
flipped simultaneously) can be constructed: one septet, six quintet, 15 triplet and 10
singlet spin configurations. Adding four singlet spin configurations where six spins are
flipped simultaneously, having antiferromagnetic coupling in the three dimers, the total
number of the configurations is 36. Owing to the C3 symmetry (exact or approximate) of
this model, many of these configurations are equivalent or near-equivalent, and only the

14 unique configurations are shown in Fig. $13 which include one septet, two quintet,

oz};

five triplet and six singlet spin configurations.

t 1y 414
t"t 1"l

Septet(1) 658 Triplet(5) 658

————————————————————————————————————————————————————————————

____________________________________________________________

____________________________________________________________

relative energy

____________________________________________________________

____________________________________________________________

_________________________________________________________

Fig. S13. Spin configurations of model Ra1 (see Fig. 2 and Table 1). All nomenclature

and colouring schemes are as in Fig. S1.
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Expressions for calculating 3C shifts for tri-dimer models

The ways of calculating the total shielding for a carbon site can vary, depending on
which spin configurations are assumed to combine into distinct states. Firstly, assuming

all configurations are distinct states, the total shielding for a site is calculated as

ototal = [fs(1) o5(1) + f3(2) o5(2) + fS(3) 05(3) + fS(3-2) 05(3-2) + fS(3-3) 65(3-3) + fs@) os¥) + fs@-2)
os@4-2) + fs@-3) os@4-3) + fs(5) o5(5) + fs(5-2) o5(5-2) + fs(5-3) G5(5-3) + fs(6) OS(6) + fS(6-2) OSB-2) +
fse-3) os@e-3) + fr(1) ot(1) + fr1-2) o1(1-2) + fr(1-3) oT11-3) + fr2) oTR2) + fr(2-2) OTER2) + fT(2-3)
oT1@2-3) + fr(3) o1 + f1(3-2) OT(3-2) + f1(3-3) GT(3-3) + fr(4) oTW) + fr(4-2) OT(4-2) + fT(4-3) OT(4-3) +
fris) ots) + fr(5-2) oT(5-2) + f1(5-3) 67(5-3) + fQ1) oq() + fau-2) oqu-2) + fai-3) ca@-3) + faE)
cq@) + fa@e2) cae-2) + fare-3) cae-3) + fse(1) ose(1)] / [fs¢1) + fse) + fs@E) + fs@E2) + fs@E-3) +
fs@) + fs@-2) + fs@-3) + fss) + fs(5-2) + fs(5-3) + fs(e) + fse-2) + fse-3) + fr(1) + fr(1-2) + fr(1-3) +
fre) + fre2) + fres) + fre) + fre-2) + frz-3) + fre) + fra-2) + fra-s) + fris) + fri52) + fr5-3) +

fa¢) + fa@-2) + fa@-3) + faE) + fae-2) + fae-3) + fse(1)] . Eq. S16

Note that all possible singlet states are included explicitly here. All are assumed to have
the same set of shieldings (cs in Table S22) but their Boltzmann factors may differ. Note
also that for generality, no symmetry equivalence is assumed. Next, some configurations
are combined into individual electronic states. If the four lowest singlet configurations are

grouped pairwise the resulting expression is

ototal = [V2(fs(1) + fs2)) Y2(os(1) + os2)) + Va(fs@) + fs@)) V2(os@E) + os@)) + Va(fsiz-2) + fs@-2))
V2(0s3-2) + os(4-2)) + Va(fs3-3) + fs@-3)) V2(os3-3) + 05(4-3)) + fs(5) o5(5) + fs(5-2) O5(5-2) + fs(5-
3) 05(5-3) + fs(e) os(6) + fse-2) o5(6-2) + fS(6-3) 05(6-3) + fr(1) OT(1) + fr(1-2) OT(1-2) + fr(1-3) OT(1-3)
+ fre) ore) + fre2) oTe2) + fre3) ote3s) + fre) orE) + fre-2) orE-2) + fre-3) o1E-3) + fre)
oT@) + fr4-2) oT-2) + fr4-3) ot@-3) + fr(5) oT(5) + fT(5-2) OT(5-2) + fr(5-3) OT(5-3) + (1) CQ(1) +
fa(-2) ocqu-2) + fa(1-3) cq@-3) + fae) cae) + fae-2) cqe-2) + fae-3) caEe-3) + fse() ose)] /
[2(fs() + fs@) + Va(fs@) + fs@)) + Va(fs@2) + fs@-2)) + Va(fs@-3) + fs@-3)) + fsis) + fss2) +
fs5-3) + fs(e) + fs-2) + fse-3) + fr(1) + fr1-2) + fr1-3) + fr2) + fre-2) + fres) + fr3) + frz2) +
frs-3) + fr@) + fru-2) + fra-s) + frs) + frs-2) + fr5-3) + fa() + fa(-2) + fa@-3) + fae) + fae-2) +

fa@-3) + fse(n)] - Eqg. S17

S30



Table S22. Shieldings (in ppm) of carbon sites in each spin configuration for model Ra1 at
298.2 K and the scaled AE between the spin and the ground spin configuration (s = 1.233,
CAM-B3LYP/II//IGFN2-xTB).

osld

Site Gse oT(1) oT(1-2) OT(1-3) oT() OT(2-2) OT(2-3)
C1 —-4416.6  44.9 —-698.1 -703.7 -701.7 -697.4 -703.5 -702.8
C3 -486.7 411 —44.3 -38.5 -45.9 —45.1 -38.7 —44.2
C2 1722.9 5.2 288.8 296.2 294 1 293.5 290.2 290.6
AE/cm™" 8115 [b] 270.4 270.4 270.3 270.5 270.4 270.3
oT(3) OT(3-2) OT(3-3) OT(4) OT(4-2) OT(4-3) GT(5) OT(5-2)
C1 -700.0 -6994 -703.0 -6959 -696.0 -7025 -688.5 —697.2
C3 —-44.6 —44 .4 -46.0 -44.3 —-44.7 —-43.0 -43.6 -44.5
C2 287.8 284 .4 295.0 294 .9 298.9 290.3 290.0 292.0
AE /cm™ 2705 270.5 270.3 271.7 271.7 271.5 811.0 811.0
OT(5-3) cQ(1) GQ(1-2) cQ(1-3) cQ(2) cQ(2-2) cQ(2-3)
C1 -696.8 -2183.4 -21904 -2189.8 -2183.3 -2189.7 -2190.8
C3 -453 -2196 -2194 -220.2 -219.3 -220.5 -219.7
C2 290.9 864.8 859.7 867.1 862.5 870.8 862.2
AE/cm™" 811.0 541.1 540.9 541.0 541.1 540.9 541.0

[a] Includes all singlet configurations. [b] Calculated explicitly for all singlet configurations; those
with [11[11][1}] configuration (e.g., Singlet(1) in Fig. $13) have AE of 0 - 1.2 cm™, those with
[111[1 111 ] configuration (e.g., Singlet(5)) have AE of 540.2 - 541.5 cm™".

When more singlet configurations with higher energy are paired up, i.e., through linear
combination of Singlet(5) and Singlet(6), and their three-fold images, the following

expression is obtained:

ototal = [V2(fs(1) + fs(2)) Y2(os(1) + os(2)) + V2(fs3) + fs)) Y2(os@) + os@4)) + V2(fsE-2) + fs4-2))
V2(0s(3-2) + 05(4-2)) + V2(fs3-3) + fsa-3)) V2(os(3-3) + 0s(4-3)) + V2(fs5) + fs(e)) V2(os5) + Gs(6))
+ V2(fs5-2) + fs(e-2)) V2(os(5-2) + os6-2)) + Va(fs(5-3) + fse-3)) V2(os(5-3) + G5(6-3)) + fr(1) OT(1) +
fr(1-2) o1(1-2) + fr(1-3) o1(1-3) + fr(2) OT(R) + fT(2-2) OT(2-2) + fT(2-3) OT(2-3) + f1(3) OT(3) + fr(3-2) OTE-
2) + fr(3-3) o1(3-3) + fr4) o14) + fr4-2) OTM4-2) + fT(4-3) OTW-3) + T1(5) Oo71(5) + fr(5-2) OT(B-2) + f1(5-3)
oT1(5-3) + fa(1) o) + fa(1-2) ocq1-2) + fa@-3) oq(1-3) + faE) caEe) + fae-2) cae-2) + fae-3) caE-3)
+ fse(1) ose)] / [2(fs(1) + fs@)) + Va(fs@) + fs@)) + Va(fs@-2) + fsu-2)) + Va(fs@a-3) + fs@u-3)) +
Ya(fss) + fse)) + Va(fss-2) + fse-2)) + V2(fss-3) + fs(e-3)) + fr(1) + fr(1-2) + fr(1-3) + fr2) + fr22)
+ fre-3) + fre) + fr(32) + fr(3-3) + fre) + fra-2) + fra-3) + fr5) + fr5-2) + fr(5-3) + fa(1) + fa(1-2)

+ fo1-3) + fae) + fae-2) + fae-3) + fse(1)] . Eq. S18
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Further linear combination of Triplet(1) and Triplet(2), Triplet(3) and Triplet(4), as well as
Quintet(1) and Quintet(2) and their three-fold images affords

ototal = [V2(fs(1) + fs(2)) Y2(os(1) + os2)) + V2(fs3) + fs@)) Y2(os@) + os@4)) + V2(fs3-2) + fs4-2))
V2(os(3-2) + os@4-2)) + V2(fsz-3) + fs@-3)) V2(os3-3) + o5(4-3)) + Va(fss) + fse)) Va(oss) + os(6))
+ Vo(fss-2) + fs6-2)) V2(os5-2) + os6-2)) + Va(fss-3) + fs6-3)) V2(os(5-3) + o5(6-3)) + Va(fT(1) +
fr)) Ya(ot(1) + o1@) + Y2(fr1-2) + fre-2)) Y2(oT(1-2) + o12-2)) + V2(fr(1-3) + fr(2-3)) V2(oT(1-3) +
oT12-3)) + Ya(frs) + fr@)) Ya(oT1@) + o1@) + Va(frz-2) + fre-2)) Y2(o1-2) + o1@4-2)) + Vo(fr3-3) +
fra-3)) V2(o1(3-3) + 67@4-3)) + f1(5) OT(5) + fr(5-2) OT(5-2) + fr(5-3) OT(5-3) + V2(fQ(1) + fQ)) V2(cQ(1)
+ cqE)) + Y2(fai-2) + fae-2)) 2(ca-2) +oqe2)) + V2(fa(-3) + fae-3)) Y2(cq@-3) + caEe-3)) +
fse(1) Oset)] / [Va(fs(1) + fs)) + Va(fs@) + fs@) + Va(fs@-2) + fs@-2)) + Va(fs@-3) + fs@-3) +
Va(fss) + fse)) + Va(fs(s2) + fs(e-2)) + Va(fs(s-3) + fse-3)) + Va(fr(1) + f1(2)) + Y2(fT(1-2) + f1(2-2))
+ Va(fr(1-3) + fr2-3)) + Va(fra) + f14)) + Ya(fr@-2) + fre-2) + Va(fra-s) + fra-3) + frs) + fr5-2) +

fris-3) + Va(fa() + fa@)) + Y2(fa@-2) + fae-2)) + Va(fa(1-3) + fa@-3)) + fse(1)] - Eqg. S19

Finally, it could be assumed that the (near-)degenerate configurations with the same
multiplicity are part of the same state, i.e., Singlet(1) - Singlet(4-3) labelled Singlet(a),
Singlet(5) - Singlet(6-3) labelled Singlet(b), Triplet(1) - Triplet(4-3) labelled Triplet(a),
Triplet(5) - Triplet(5-3) labelled Triplet(b), and Quintet(1) - Quintet(2-3) labelled Quintet.

The corresponding shielding constants are evaluated as

os(a) = V8 (os(1) + 0s(2) + ©5(3) + 0S(4) + GS(3-2) + ©S@4-2) + 05(3-3) + GS(4-3)) , Eq. S20
osb) = Y% (os(5) + 0s(6) + GS(5-2) + 0S(6-2) + GS(5-3) + GS(6-3)) , Eq. S21

oT@) = 1/12 (ot(1) + oT(2) + ©oT(1-2) + OT(2-2) + GT(1-3) + OT(2-3) + GT(3) + GT@) + OT(3-2) + OT@-

2) + oT(3-3) + 0T(4-3)) , Eq. S22
oTb) = V5 (o1(5) + OT(5-2) + OT(5-3)) , Eqg. S23
caQ = Y (ocq(1) + cq(1-2) + 6Q(1-3) + 6Q@2) + 0QE2-2) + 6Q(2-3)) , Eq. S24
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and the following expression for the total shielding is
ototal = [/& (fs(1) + fs) + fs(3) + fs) + fs3-2) + fs-2) + fs(3-3) + fs4-3)) os(a) + Y6 (fs(5) + fse) + fs(5-2)
+ fse-2) + fs5-3) + fs(6-3)) asp) + 1/12 (fr1) + fre) + fr1-2) + fre2) + fr(1-3) + fre-s) + fre) + fra) +
fr(32) + fra-2) + fr3-3) + fr4-3)) o1(a) + 75 (fr5) + fr5-2) + f1(5-3)) OT(V) + Y6 (fQ(1) + fQ(1-2) + fQ(1-3) +
fae) + fa@e2) + fae-3)) ca + fse(1) ose()] / [V& (fs(1) + fs) + fs@) + fs@) + fs@-2) + fs@-2) + fs@-3) +
fs@a-3)) + Y6 (fs(5) + fs(e) + fs(5-2) + fs(e-2) + fs(5-3) + fs(6-3)) + 1/12 (fr(1) + fr2) + fr1-2) + fre-2) + fr1-
3) + fr-3) + fr3) + fre) + frz-2) + frg2) + frz3) + fre-s) + V5 (frs) + fr(5-2) + f1(5-3)) + Y% (fa(1) +

fa@-2) + fa1-3) + faE) + fae-2) + fa@-3)) + fse(1)] - Eq. S25

So far, no use of symmetry has been made. As the tri-dimer model has Cz symmetry, the
fourteen selected configurations in Fig. S13 should represent all 36 configurations. The
energy difference between configurations with the same pattern for the spin distribution,
just rotated by 120° or 240°, is smaller than 1 cm~'. For example, Triplet(1), Triplet(1-2)
and Triplet(1-3) have almost identical energies at 270.4 cm~' above the ground state
Singlet(1), and reasonably close averaged shielding values of the C1, C2 and C3 sites
(Table S22). With imposing symmetry, Eq. S19 can be simplified to

ototal = [fs(1) V2(os¢1) + os@)) + 3 x fs@3) V2(os@E) + os@) + 3 x Va(fsis) + fse)) Vz(ose) +
ose)) + 3 x Va(fr() + fr2)) Y2(ot(1) + o12)) + 3 x V2(fr3) + fra)) Y2(oT) + oT1@4)) + 3 % fr(5)
o1(5) + 3 X Va(fa() + fa@e)) Y2(ca@) + o)) + fse(1) ose(1) ]/ [fs(1) + 3 x fs@) + 3 x Va(fss) +
fse)) + 3 x Va(fr() + fr2)) + 3 x Va(fr) + fra)) + 3 x frz) + 3 x 2(fa¢) + fae)) + fse)] ,

Eq. S26

to calculate the total shielding of a site for in a tri-dimer model (see Fig. S13 for pictorial
representation). Note that the simplified expression has the factor of 3 in front of all terms
except for the terms of the ground and high-spin states, which accounts for the presence

of configurations that are related by the three-fold symmetry.

Following the validation of combining the possible configurations into fewer states
discussed above for di-dimer models, a similar test is now applied to model Ra1 for
calculating '3C shifts of activated HKUST-1. Averaged as-calculated shieldings of C1, C2
and C3 for the model in each spin configuration and the scaled energy difference
between the spin and ground spin state (AE) are listed in Table S22 (scaled as

discussed above). Note that here all singlet configurations are assumed to have identical
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shielding values (os), whereas all possible configurations with higher multiplicity
(including those that are formally symmetry equivalent) are shown separately. For
example, oT1(1), oT(1-2) and oT1(1-3) correspond to three symmetry-equivalent configurations,
one of which is shown in Fig. S13 as Triplet(1), and all of these are included in Table
S$22. In this case, the shieldings of the formally symmetry-equivalent configurations are
indeed very similar. These configurations, and those with the same number of
ferromagnetically coupled dimers, are energetically near-degenerate, consistent with the

results for the di-dimer model.

The computed C1, C2 and C3 shifts for model Ra1 show large variations when using
these equations stated above. None of these matches the experimental shifts for
activated HKUST-1 using as-calculated AE (see Fig. S14A-C). However, scaling AE
using Eq. 3 and fitting s to minimise the MAD between calculation and experiment at all
temperatures together leads to a good agreement with experiment for some of the
calculated sets (see Fig. S$14D-F). It is obvious that combining all degenerate
configurations with the same muiltiplicity is not valid, as the shifts computed according to
Eq. S25 do not match up with experiment at all (note the completely different trends of
the dark purple line and the experimental data points in Fig. S14D-F). The shifts
computed from Eqgs. S16 — S$19 show very similar trends and are hard to distinguish from

each other in this figure.

The expressions can be compared by plotting the MADs between computed and
experimental shifts for C1, C2 and C3 at different temperatures (Fig. S15A). Fig. S15B
shows averaged MADs across the whole temperature range for different carbon sites. In
line with Fig. S14, Eq. S25 is not an appropriate expression for computing shifts for this
model because it produces high MADs. At different temperatures, the MADs for the
remaining expressions, Eqgs. $16 — S19, are similar and all under 15 ppm. The averaged
MADs for Eq. S19 are the lowest at 9.6 ppm, having the best agreement of computed
shifts with experiment. The largest errors are associated with the shift of C2, which can
deviate by over 15 ppm (similarly underestimated as for the computed shift of the
analogous site in urea loaded copper benzoateS®). Overall, Eq. S19 appears to be an

appropriate expression of computing shifts for model Ra1.
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Fig. S14. Plots of temperature variation of the '3C shifts for model Ra1, using Eqgs. S16,
S17, S18, S19 or S25 at the CAM-B3LYP/IlI//GFN2-xTB level. Shifts were calculated
using (a-c) as-calculated AEst (~219 cm~') and (d-f) scaled (using Eq. 3) AEst with s =
1.171, 1.520, 1.538, 1.223 and 1.450 for Eqs. S16, S17, S18, S19 and S25,
respectively. See Fig. 1D for the site numbering scheme. Experimental points for

activated HKUST-1 are also shown.

Representative spin configurations with corresponding computed shieldings of carbon
sites and scaled energy differences are shown in Table S23 (a selection from the full set
in Table S22). Using either the full (Eq. $19) or simplified expression (Eq. S26) for
calculating shifts produces results of the same quality for activated HKUST-1, using
similar scaling factors of 1.233 and 1.230, respectively (Table S24). The mean MADs for
model Ra1 are all below 12 ppm. It seems that the agreement gets poorer when the
model is increased from the di-dimer to the tri-dimer, with around 5 ppm higher averaged
MAD. One could speculate that the reason for this poorer agreement is the increased
number of spin states in the tri-dimer model, which could introduce more potential for
error. However, the computed temperature-dependent behaviour of the shifts for the tri-
dimer model show slightly better agreement with the experiment (Fig. S16). Therefore, it
is hard to decide which model would be best for activated HKUST-1.
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Fig. S15. MADs (a) at each temperature and (b) for sites 1, 2 and 3 in activated HKUST-
1 employing Egs. S$16, S17, S18, S19 or S25 to calculate '3C shifts for model Ra1 with s
=1.171, 1.520, 1.538, 1.233 and 1.450, respectively (CAM-B3LYP/II//GFN2-xTB).
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Fig. $16. Temperature dependence of experimental and calculated '3C shifts of activated
HKUST-1, using Eq. S$26 in the calculation for model Ra1 with s = 1.230 for AEst of ~219 cm™"
(CAM-B3LYP/II//GFN2-xTB). The calculated '*C shifts for model D3 have been added from
Table S$10. (a), (b) and (c) are shifts for C1, C3 and C2 in HKUST-1, respectively

Table S23. Shieldings (in ppm) of carbon sites in selected spin configurations at 298.2 K and
the energy difference between the spin configuration and the ground spin configuration (s =
1.230) for model Ra1 (CAM-B3LYP/Il//GFN2-xTB).

Sitelal Gse OS(1)-6) OT(1) oT(2) oT(3) OT(4) GT(5) cQ(1) cQ(2)
C1 -4416.6 449 -698.1 —-697.4 -700.0 -695.9 —-688.5 -2183.4 -2183.3
C3 -486.7 411 443 451 446 -443 -436 -219.6 -219.3
C2 1722.9 52 288.8 2935 287.8 2949 290.0 864.8 862.5
AE / cm™! 809.2 [b] 269.6 269.7 269.7 2709 808.7 539.6 539.6

[a] Symmetry-equivalent sites. [b] Singlet(1) - Singlet(6): 0, —, 1.2, —, 538.8, 539.9, — (where —
denotes omitted value).
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Table S24. Calculated '3C shifts (in ppm) at different temperatures for model Ra1 with s = 1.233
and 1.230, respectively, for Eqs. S19 and S26, for AEst =186 cm~" (CAM-B3LYP/II//GFN2-
xTB). Experimental shifts of activated HKUST-1 are also given.

T/K 250 263 288.2 293 298.2 303 313.2 328.2 348.2
1000/T/K' 0.25 0.26 0.29 0.29 0.30 0.30 0.31 0.33 0.35
Exp.
C1 767.7 7850 7884 7947 7864 7981 7942 7874 791.2
C3 2243 226.0 2269 227.6 2275 2279 227.6 227.7 227.2
C2 -805 -848 -86 -84 -8.2 -8.7 -87.4 -858 -84.8
Eq. S19
C1 7811 787.8 794.8 7947 7949 7949 7942 7918 786.6
C3 219.8 2207 2215 2216 2216 2216 2216 221.3 2208
C2 -63.5 -66.1 -688 -687 -688 -688 -685 -67.6 —65.6
MAD 11.6 9.0 9.5 8.3 10.6 9.1 8.3 9.7 10.1
Eq. S26
C1 7815 788.2 7945 7948 7950 795.0 7942 7918 786.5
C3 2205 2213 2221 2222 2222 2222 2221 2219 2213
C2 -638 -664 688 -689 -690 -69.0 -68.7 -67.8 —-65.7
MAD 11.4 8.8 9.2 8.1 10.4 8.9 8.1 9.4 9.9

Table S25. '3C shieldings (in ppm) in each selected spin configuration at 298.4 K and the
scaled energy differences between the spin configuration and the ground spin configuration (s =
1.141) for model Ra2 (CAM-B3LYP/Il//GFN2-xTB).

Sitel GSe GS(1)-(6)  OT(1) oT(2) oT(3) OT(4) oT(5) cQ(1) cQ(?2)
C1 -3884.9 445 -607.2 -609.5 -746.7 —-604.5 -470.1 -1814.6 -2022.0
C3 -394.9 428 -301 -31.3 -725 -294 114 1455 -208.1
C2 1274.2 6.5 219.7 2143 2945 217.0 139.8 581.5 697.4

AE / cm™ 638.1 [o] 2126 2125 2125 2133 638.0 424.8 424 .9

[a] Symmetry-equivalent sites. [b] Singlet(1) - Singlet(6): 0.00, —, 0.9, —, 424.8, 425.8 (where —
denotes omitted value)

Table S26. '3C shieldings (in ppm) in each selected spin configuration at 298.2 K and the
energy difference between the spin and the ground spin configuration (s = 1.230) for model Ra1
(CAM-B3LYP/IlI//GFN2-xTB).

Sitela Gse OS(1)-6)  OT(1) oT(2) oT(3) OT(4) GT(5) cQ(1) cQ(?2)
C1 -4416.6 449 -698.1 -697.4 -700.0 —695.9 -688.5 -2183.4 -2183.3
C3 -486.7 411 -443 451 446 443 -436 -2196 -219.3
C2 1722.9 5.2 288.8 2935 287.8 2949 290.0 864.8 862.5

AE/cm™  809.2 [b] 269.6 269.7 269.7 270.9 808.7 539.6 539.6

[a] Symmetry-equivalent sites. [b]. Singlet(1) - Singlet(6): 0.0, —, 1.2, —, 538.8, 539.9 (where —
denotes omitted value)
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Table S27. Calculated '3C shifts (in ppm) at different temperatures using model Ra2 with s = 1.141 for AEst of ~186 cm~' (CAM-

B3LYP/Il//GFN2-xTB), using Eq. $26. Experimental shifts of hydrated HKUST-1 are given for comparison.S3

Exp.kl
T/K 250t 258 263t 263 268 273 278 283 293f 298 303" 313 323
1000/T
/K- 4.0 3.9 3.8 3.8 3.7 3.7 3.6 3.5 3.4 3.4 3.3 3.2 3.1
C1 870.8 868.2 863.4 865.4 865.0 / 858.6 / 851.8 848.2 845.8 843.1 838.1
C3 230.3 229.1 229.6 228.7 228.5 228.5 228.2 228.1 227.8 2274 227.2 226.7 226.4
C2 -58.7 -54.8 -57.3 -54.5 —54.2 -52.9 -52.7 -50.3 -50.5 -50.5 -49.2 -50.8 -43.2
Calc.
T/K 250 258 263 268 273 278 283 288 293 298 303 313 323
1000/T
/K- 4.0 3.9 3.8 3.7 3.7 3.6 3.5 3.5 3.4 3.4 3.3 3.2 3.1
C1 870.8 868.8 867.3 865.4 863.4 861.1 858.7 856.1 853.4 850.5 847.5 841.2 834.5
C3 226.3 226.1 2259 225.7 2254 225.2 2249 224 .6 224.3 224.0 223.6 222.9 222.2
(09 -53.8 -53.1 -52.6 -52.0 514 -50.7 —-49.9 —-49.0 —48.2 —47 .2 —-46.3 442 —42 1
MADDP! (3.0} 1.8 2.2{4.1} 1.8 2.3 2.5 1.8 / {2.5} 3.0 {2.7} 4.1 3.0

[a] Data taken from a mix of two series of experiments in both shim temperature controlled and no shim temperature control (see main
text), T = shim temperature not controlled. [b] Values in curly brackets are calculated for another experimental measurement with no shim

temperature control.
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Ring tri-dimer models

The ring tri-dimer models, for example Ri1 shown in Fig. S17 (see Table 1 for details of
other models) are proposed to model this closed circular structure. This has the same
total number of thirty-six possible spin configurations as the radial tri-dimer models,
which can be simplified into fourteen configurations as shown in Fig. S17; however, the
topology is different. While the radial model has a cyclic arrangement of six spin centres
in one plane (idealised symmetry Dsn) with all centres in the same horizontal mirror plane
and none on a vertical plane, the cyclic model is puckered (idealised Csv symmetry) with
one pair of spin centres in each of the vertical planes. Again, the calculated coupling
energies show the interdimer interactions are very weak, e.g., the energy difference

between the Septet(1) and Triplet(5) spin configurations in the “ring” model is <1 cm™.

The calculation of '3C shifts for model Ri1 employs the simplified expression in Eq. $26
to combine shieldings of eight spin states from fourteen spin configurations in total
(Table S28). This model is used to compute '3C shifts for activated HKUST-1 by
minimising the MAD at all temperatures. The fitted results for the ring model do not agree
as well with experiment as those for model Ra1 (cf. Figs. S16 and S$18). This may be
due to the structural differences between both models, which have a different number of
dimers on a linker molecule (three in Ra1 vs. two in Ri1). With the same number of
dimers on the linker, model D1 is preferred over Ri1 for HKUST-1 (Fig. S$18). Even
through the ring system is part of the MOF, capturing this more accurately in the model

offers no improvement.

Table S28. Shieldings (in ppm) in each selected spin configuration at 298.2 K and the scaled
energy differences between the spin configuration and the ground spin configuration (s = 1.198)
for model Ri1 (CAM-B3LYP/IlI//GFN2-xTB).

Site OSe GS(1)-(6) oT(1) oT(2) GT(3) oT(4) OT(5) cQ(1) cQ(2)
C1l —-4146.3 444 6549 -654.8 -6185 -690.7 -652.2 -2026.4 -2079.9
C4lal -213.2 43.7 2.1 2.5 -92.0 95.6 1.5 -1525 -12.5

C5Ml -270.5 413 -121 -121 -106.7 83.9 -10.6 -188.5 —45.0
C3Ml —497.9 478 -419 417 159.0 -2432 -428 -712 -373.8
c2el 1851.2 3.8 3116 3109 313.0 309.6 309.0 9289 926.7
cetl 133.5 1649 160.2 160.3 1471 172.9 160.1 140.2 159.5

AE /cm™  769.5 [c] 256.1 256.2 256.1 2586 768.8 512.7 515.0

[a] Average of six equivalent sites in the model. [b] Average of three equivalent sites in the
model. [c] Singlet(1) - Singlet(6): 0.0, —, 1.2, —, 512.5, 512.3 (where — denotes omitted value).
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Fig. S17. Spin configurations of model Ri1 (see Fig. 2 and Table 1). All nomenclature
and colouring schemes are as in Fig. S1.

Table S$29. Shieldings (in ppm) in each selected spin configuration at 298 K and the scaled
energy differences between the spin configuration Singlet(1) (s = 1.204) for model Ri4 (CAM-
B3LYP/II//GFN2-xTB).

Site CSe GS(1)-(6) oT(1) oT(2) GT(3) OT(4) GT(5) Q1) cQ(2)

Cc1l@l 36921 435 -607.6 -578.2 -548.5 -573.7 -577.8 —-1799.2 —-1843.6
C4el -156.2 453 97.0 9.9 —76.6 10.3 10.5 1222 8.3
C5Ml -231.9 416 80.4 —2.6 —84.7 -1.4 -21 18563 -31.1
C3ml —-403.9 484 -200.0 -282 1430 -284 -285 504 -307.5
c2el 1388.5 5.0 2641 2346 2048 2324 2346 6733 7182
cetl 1376 1648 1714 159.7 1482 160.0 1599 1420 1594

AE /cm™ 662.5 [c] 2210 221.0 2215 2223 6614 4426 4417

[a] Average of six equivalent sites in the model. [b] Average of three equivalent sites in the
model. [c] Singlet(1) - Singlet(6): 0.0, —, 1.2, —, 441.1, 441.3 (where — denotes omitted value).
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Table S30. Experimentals? and calculated '3C shifts (in ppm) at different temperatures for
hydrated STAM-17-Me model Ri4, using Eq. $26 with s = 1.204 on AEst of ~184 cm~' (CAM-
B3LYP/II//IGFN2-xTB).

T/K 278 298 318 338
1000/T / K- 3.60 3.36 3.14 2.96
Exp.S?2 STAM-17-Me

C1 / 770.0 / /
C3 222.5 221.3 219.8 218.0
C4,C5 179.7 179.3 178.7 177.9
C6 25.0 24.8 24.7 24.5
C2 -61.4 -60.3 -55.8 —49.6

Calc.

C1lal 803.6 795.6 785.5 774.0

C3lbl 220.0 219.0 217.7 216.3

C5lbl 193.1 192.5 191.8 191.0

C4lal 178.8 178.3 177.8 177 1

Cell 27.8 27.7 27.6 27.5

C20l -61.4 -58.5 -54.8 -50.5

MAD 3.9 4.2 (7.8) 4.0 3.9

[a] Average of six equivalent sites in the model. [b] Average of three equivalent sites in the
model. [c] The value in parentheses includes C1 at 298 K.
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Fig. S18. Temperature dependence of experimental and calculated '3C shifts for
activated HKUST-1, using Eq. S26 in the calculation for model Ri1 with s = 1.198 on
AEst of ~214 cm~ (CAM-B3LYP/II//GFN2-xTB). Calculated shifts for model D1 (see

Table S6) are plotted for comparison.
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Fig. $S19. Temperature dependence of experimental®® and calculated '3C shifts for sites
C1-C7 of hydrated STAM-1 (see labelling scheme in Fig. 1D.), using Eq. S26 in the
calculation for model Ri6 with s = 1.135 on AEst of ~182 cm~' (CAM-B3LYP/II//GFN2-

xTB). C1 was not observed in the experimental dataset used). Calculated '3C

resonances for model D6 are added for comparison.

Table S31. Shieldings (in ppm) in each selected spin configuration at 298 K and the scaled
energy differences between the spin configuration and Singlet(1) (s = 1.183) for model Ri5
(CAM-B3LYP/IlI//GFN2-xTB).

Site Gse Os(1)-6)  OT(1) oT(2) oT(3) OT(4) GT(5) cQ(1) cQ(2)
C1ll -3749.3 423 -608.3 -590.0 -568.6 -586.7 -589.6 -1837.0 -1866.5
C4lal -1529 614 119.9 254 -71.7 25.3 25.7 -119.2 24 .4
C50 -337.7 18.7 76.0 -40.3 -153.2 -39.2 -40.0 -2434 -71.3
C3Ml -391.7 540 -1909 -20.2 1474 -211 -20.3 -43.3 -297.1

c2wel 1353.3 5.2 2616 2292 196.0 227.0 229.7 653.2 703.2
cetl 1255 1309 1322 1301 127.7 130.2 130.1 126.6 129.8

AE /cm™ 6475 [c] 216.0 216.0 2158 2174 6453 4328 431.0

[a] Average of six equivalent sites in the model. [b] Average of three equivalent sites in the
model. [c] Singlet(1) - Singlet(6): 0.0, —, 1.0, —, 430.3, 430.1 (where — denotes omitted value).
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Table S32. Experimental®? and calculated *C chemical shifts (in ppm) of hydrated STAM-17-
OMe at different temperatures using Eq. S26 for model Ri5 with s = 1.183 on AEst of ~183 cm™
(CAM-B3LYP/1lI//GFN2-xTB).

T/K 278 298 318 338
1000/T / K- 3.60 3.36 3.14 2.96
Exp.S2
C1 / / / /
C5 219.2 218.7 217.9 216.8
C3 217.7 216.4 214.5 212.9
C4 166.0 165.7 165.0 164.1
C6 49.9 50.0 50.3 50.5
Cc2 -60.3 -574 -52.5 —48.3
Calc.
C1lal 828.5 819.1 807.7 795.1
C5lbl 232.1 231.2 230.2 229.0
C3b! 214 .4 213.3 212.0 210.4
C4lal 165.4 164.8 164.2 163.4
Celdl 57.6 57.5 57.5 57.5
C2fl -60.3 -56.9 -52.9 —-48.4
MAD 4.9 4.9 4.7 4.5

[a] Average of six equivalent sites in the model. [b] Average of three equivalent sites in the
model.

Table S33. Shieldings (in ppm) in each selected spin configuration at 298 K and the scaled
energy differences between the spin configuration and Singlet(1) (s = 1.135) for model Ri6
(CAM-B3LYP/II//IGFN2-xTB).

Sitelal Ose gs(1y-6)  OT(1) 0T1(2) oT1(3) oT(4) oT(5) oQ(1) 0Q(2)
C1lal -3704.6 43.7 -603.4 -580.2 -557.4 -578.4 -580.0 -1812.3 -1846.5
C4lal -159.0 43.1 103.2 8.7 -84.9 9.2 9.2 -129.2 11.9
C50 -226.4 49.6 87.8 4.5 -79.2 4.9 4.3 -150.0 —-24.7
C3lbl -398.8 411 -2019 -328 1364 -32.8 -32.7 -52.7 -306.5
c2lal 1269.9 6.0 2385 2158 1928 213.8 2157 619.7 654.3
Celbl -36.6 13.5 25.3 4.7 -15.4 5.2 5.1 -27.3 3.2
C7lbl 132.0 1329 133.2 1328 1324 1329 1328 132.2 132.8
AE/cm™  619.0 [c] 206.1 2055 2056 206.3 618.1 411.8 411.1

[a] Average of six equivalent sites in the model. [b] Average of three equivalent sites in the
model. [c] Singlet(1) - Singlet(6): 0.0, —, 0.8, —, 413.0, 412.8 (where — denotes omitted value).
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Table S34. Unscaled '3C shifts (in ppm) for C1, C2 and C3 in dehydrated models containing
different numbers of dimers with almost equal intradimer coupling ~220 cm~' (CAM-
B3LYP/II//GFN2-xTB), using Eqs. S3, S15, S26 or S26 for models M4, D1, Ra1 and Ri1,
respectively. Shifts for sites that are not found in HKUST-1 are not reported.

T/K 288.2 298.2 313.2 328.2 348.2
model M4

C1 1167.4 1151.1 1126.5 1102.1 1070.1

C2 —292.4 —284.8 —273.4 —262.0 —247.2

C3 2134 212.2 210.4 208.7 206.4
model D1

C1 974.2 967.4 955.9 943.4 925.6

C3 247.5 246.6 2451 243.5 241.2

Cc2 -176.0 -173.0 -168.0 -162.6 -154.9
model Ra1

C1 931.8 926.4 917 .1 906.9 892.1

C3 238.2 237.6 236.5 2354 233.7

C2 -121.7 -119.6 -116.1 -112.1 -106.4
model Ri1

C1 8994 893.6 884.0 873.6 858.7

C3 189.2 188.9 188.3 187.7 186.8

C2 -149.2 -146.7 -142.5 -137.9 -131.3
Exp. activated HKUST-1

C1 788.4 786.4 794.2 787.4 791.2

C3 226.9 227.5 227.6 227.7 227.2

C2 -85.6 -86.2 -87.4 -85.8 -84.8
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