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1 Theoretical quantities

Starting from the complete vibrational spec-
trum of the MOF, we can calculate macroscopic
properties such as the specific heat at constant
volume, C,, and the thermal expansion, . In
Eq. (1) we connect C,, computed from Ein-
stein’s model, with the vibrational frequencies
of the MOF:

Here, k; is Boltzmann’s constant, T the tem-
perature, and w; the i'® IR/Raman frequency.
Note that the summation in Eq. (1) runs over
all vibrations of the system. However, due to
the large dimensions of the MOF-74-Zn cell, it

*To whom correspondence should be addressed

"Department of Physics, Wake Forest University,
Winston-Salem, NC 27109, USA

iDepartment of Materials Science and Engineering,
University of Texas at Dallas, TX 75080, USA

TDepartment of Mechanical Engineering, University
of Texas at Dallas, TX 75080, USA

8Current address: Department of Materials Science
and Engineering, Massachusetts Institute of Technol-
ogy, Cambridge, MA 02139, USA

is sufficient to limit the evaluation of C, and
« to the optical phonon branch at the I'-point.
To find the phonons at I', the dynamical ma-
trix was computed, using a three-point formula
with a well-converged displacement of 0.01 A.

C, of Eq. (1) is the main ingredient for com-
puting the thermal expansion «:

_1C,
o = 3B 9 (2)

where B is the bulk modulus of the material,
and v is related to the Griineinsen parameter.
The latter is the negative logarithmic deriva-
tive of the normal-mode frequency with respect
to a change in volume, i.e. —9(In w;)/d(In V).
The ab initio calculation of + for the present
MOF is computationally prohibitively expen-
sive; we thus estimate it using the Universal
Force Field? as implemented in GULP,* as-
signing the atomic charges according to previ-
ous studies on MOF-74-7Zn.% Note that the com-
putation of v does not require highly accurate
phonon frequencies, making its evaluation more
feasible even with classical potentials.

The elastic response of MOF-74-Zn upon
molecular adsorption was measured by moni-
toring the variation of the elastic tensor, as can



be seen from the stress-strain relationship ac-
cording to the Voight notation of Eq. (3):

045 = Oijﬁij . (3)

Here, o0;; are the components of the second-
rank stress tensor, C;; are the elastic constants,
and ¢; is the vector defining the strain direc-
tions. By knowing the tensor C' and its inverse
S = C~! (the compliance tensor) one can cal-
culate the corresponding bulk (B), shear (G),
and Young’s (Y) moduli via the Voight-Reuss-
Hill approach.” Voigth-Reuss moduli define an
upper and lower bound of these elastic prop-
erties and they are averaged by the Hill defi-
nition.” Poisson’s ratios, u, is another macro-
scopic property that measures the ratio of lat-
eral to longitudinal strain under a uniform, uni-
axial stress, as defined by Eq. (4),

ui(j) = —SiY;j (4)

where S;; are the elements of the compliance
tensor, while Y; is the Young’s modulus along
the j direction. The longitudinal (v;), transver-
sal (v4), and mean (v,,) sound velocities are re-
lated to the bulk and shear moduli:

3B + 4G\
v = (3—p> ) (5)
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where p is the density of the material. Finally,
U, is important for the calculation of the Debye

temperature, ©p, which is related to C, from
Eq. (1), and thus to the rigidity of the MOF:

1
h (3nNy\?

Here, h is Plank’s constants, N4 Avogadro’s
number, n the number of atoms, and V' the vol-
ume of the MOF.

The elastic tensors, from which the other
properties discussed above are determined, are
calculated using a central-difference method.

To this end, we used a step size of 0.01 A and
applied six finite distortions to the lattice, al-
lowing us to find the elastic constants from the
strain-stress relationship in Eq. (3).

2 Nano-indentation and
Oliver and Pharr’s method

Over the past two decades, nano-indentation
has been used for the measurement of me-
chanical properties such as elasticity and vis-
coelasticity.® The instrumented nano-indenter
is widely accepted as a standardized testing
method for characterization of elastic-plastic
materials. The resolution can reach a fraction
of a nm in displacement and uN in load. As a
result, the nano-indentation technique is widely
used to extract mechanical properties of mate-
rials with very small volumes, such as thin foils,
wires, and micro-electromechanical systems.

During the experiment, the vertically applied
load on the indenter tip is increased until it
reaches a user-defined value and its displace-
ment is measured continuously. Illustrations
of the indentation and the typical load vs.
displacement curve are shown in Fig. S1 and
Fig. S2. An optical microscope image of the
crystal we used for our experiments is depicted
in Fig. S3.

The most widely used method to extract
Young’s modulus from a load vs. displacement
curve obtained through nano-indentation was
proposed by Oliver and Pharr in 1992.%8 As
shown in Fig. S1, the maximum displacement is
divided into two parts, the sink-in displacement
hs and contact displacement h.. The value of
hs is given by Eq. (9) as

P,
hs: max’ 9
- )

where P,,.. 1s the maximum indentation force
and ¢ is a constant, which depends on the ge-
ometry of the indenter; for a Berkovich indenter
tip, € is 0.72. The contact stiffness, S, is pro-
vided by the slope of the initial unloading curve.
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Figure S1: [Illustration of the indentation ge-
ometry at maximum load.

The contact displacement then becomes

Pmaac

- (10

hc = hmaz — €

Based on the contact mechanics analysis of

nano-indentation, the hardness (H) is obtained
using Eq. (11)

H=—5 (11)

where for a Berkovich tip the contact area is
A. = 24.5 h?. Measurement of the elastic mod-
ulus follows from its relationship to the con-
tact area and the measured unloading stiffness
through the relation®

p
S=-——VJA,, 12
or (12)

where Y, is the reduced modulus defined by

1 1—0v2 11—
— = s : 13
v v Ty (13)

and Y; and v, are the Young’s modulus and
Poisson’s ratio of the specimen, while Y; and v;
are the corresponding values of the diamond in-
denter tip. Equations (12) and (13) along with
the known values of the unloading-curve slope,
modulus, and Poisson’s ratio values for the in-
denter tip can be used to determine the elas-
tic modulus for a specimen corresponding to its
Poisson’s ratio.

3 IR measurements

After water adsorption under 8 Torr H,O vapor,
the MOFs phonon modes such as the benzene
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Figure S2: A typical load vs. displacement
curve for a nano-indentation experiment.

Figure S3: Optical microscope image of the
measured MOF-74-7Zn crystal.

ring stretching mode v4iny, CH in-plane/out-of-
plane bending modes S(CH)p/B5(CH)gop, and
Bas(COO) /5s(COO) modes experience signifi-
cant perturbations as shown in Fig. S4.

The assignment of the MOF phonon modes
was carried out by comparison with the spec-
tra of reported salicylate compounds (see Ta-
ble S1).1%1! However, under 760 Torr CO,, the
perturbations are negligible (see Fig. S4). The
perturbations observed by IR spectra suggest
stronger interactions of H,O molecules with the
MOF structure than CO5 molecules, as attested
by our first-principle calculations. The observa-
tion is consistent with previous X-ray diffrac-
tion results showing that water inclusion into
the MOF-74-Zn and MOF-74-Co frameworks
causes an elongation of the metal-oxygen bond
distance.'? The spectra of the activated and hy-
drated MOFs are shown in Fig. S5. The spec-
tra of MOFs under 760 Torr CO4 are shown in
Fig. S6.
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Figure S4: Difference spectra of MOF-74-Zn
after adsorption of COy (blue) under 760 Torr
and HyO (red) under 8 Torr, referenced to
the activated MOF-74-Zn under vacuum. Note
that the difference spectra highlight the shift
of MOFs phonon modes, the original position
MOFs’ phonon modes is shown in Table S1 and
Figs. S5, and S6.
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Figure S5: IR absorption spectra of activated
(black) and hydrated MOF-74-Zn (red) by 8
Torr H,O vapor. All the spectra reference to
a KBr pellet in vacuum.
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Figure S6: IR absorption spectra of activated
MOF-74-Zn under 760 Torr CO, (blue) and af-
ter evacuation of gas phase COy for 0.5 min
(cyan). All the spectra reference to a KBr pel-
let in vacuum.

Table S1: Assignment of selected bands (in
cm™!) from infrared spectra of activated MOF-
74-Zn. Numbers 19a, 14, 9b, and 17b represent
Wilson notation to describe the phenyl vibra-
tional modes. 3

Freq. Assignment Wilson No.
1554 Vas(COO™) —
1458 v(CC)ar 19a
1422 v(CC)ar 14
1356 v5(COO™) —
1247 v(CC)ar —
1197 v(C-O)phenylic —
1119 B(C-H) 9b
902 B(C-H) 17b

799,572 Bas(COO™)/Bs(COO™) —
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