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1. The Model

Consider a pore of length ̀  and radius r where ̀ =r >> 1 so transport down the pore can be rate limiting and only 
one dimension x is considered along the length of the pore. Pore diagram is shown in Figure .1. Allow a gas (e.g., 
H2O) to diffusion down the pore with diffusion coefficient D where c (x; t) is the concentration of gas at distance x 
into the pore at time t. Molecules in the gas phase can condense on the pore wall. Allow condensed gas (liquid or
solid) is denser than the gas, so weight in the pore will increase with time. Allow the phase change (adsorption or
condensation) to occur as a first order rate,k

�
s�1
�
. The rate water is lost from the gas phase in time and space is

@c (x; t)

@t
= �kc (x; t) (SI.1)

The rate of loss from the gas phase within the pore is the rate of condensation to the liquid phase. For no material con-
densed att = 0 and no gas in the porec (x; 0) = 0, the amount condensed at timet is then expressed as accumulation
down the length of the pore since the onset of condensation (t= 0) to timet. Given Equation 1,

ccondensed (t) =

Z `

0

Z t

0

kc (y; !) d!dy (SI.2)

=

Z `

0

Z t

0

dc (x; t) dy (SI.3)

=

Z `

0

[c (x; t)� c (x; 0)] dy (SI.4)

=

Z `

0

c (y; t) dy (SI.5)

A sample is composed of porous particles withN straight pores per gram of sample and surface area per one pore
SA = 2�r`. The total weight condensed per gram of dry sample at timet is expressed as weight fractionw (t).

w (t) = 2�r`N

Z t

0

Z `

0

kc (y; !) dyd! (SI.6)

= 2�r`N

Z `

c (y; t) dy (SI.7)
0

The limits on w (t) are 0 and the pore filled with water, where w (t)�! N � V ol1 pore � �H2O;condensed =
N�r2`�H2O;condensed. The density of water condensed in the pores �H2O;condensed may differ from bulk water.

2. Specify the Problem

Specify the problem as a diffusion problem in one dimension. Specification is set in terms of c (x; t) concentration in 
the gas phase (g/cm3). The estimate is that gas is sorbed from gas phase into the pore with sufficiently large energy 
that sorbate does not significantly partition back into the gas phase. Gas can diffuse from both ends of the pore at 
x = 0 and x = `.

Fick’s second law where D is the diffusion coefficient of the gas phase species is a loss of gas phase species at a 
rate k is

@c (x; t)

@t
= D

@2c (x; t)

@x2
� kc (x; t) (SI.8)

This requires one initial and two boundary conditions. Letc� be the concentration in the gas, wherec� is in grams
per cm3. The conversion of relative humidity (e.g., 60 %, 80 %...) toc� (g=cm3) is presented in Section 6.1.

c (x; 0) = 0 (SI.9)

c (0; t) = c (`; t) = c� (SI.10)

The fraction of weight adsorbed is

w (t) = 2�r`N

Z `

0

c (y; t) dy (SI.11)
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Figure SI.1: The geometry of the modeled system for pore of radiousr and length of̀ . Vapor diffuses into the pore
from x = 0 and x = `:

3. Solution to the Problem

The specified problem is linear and solved by Laplace transform to yield an infinite series solution. 

3.1 Laplace Transform (LT) of Problem

LT of Equation 8 is

sc (x; s)� c (x; 0) = D@
2c (x; s)

@x2
� kc (x; s) (SI.12)

Substitution of the initial condition, Equation 9,c (x; 0) = 0

(s+ k) c (x; s) = D
@2c (x; s)

@x2
(SI.13)

This ordinary differential equation (ODE) has a solution of the form

c (x; s) = A exp

"
�
r
s+ k

D
x

#
+B exp

"r
s+ k

D
x

#
(SI.14)

A andB are found from the two conditions in equation 10,c (0; t) = c (`; t) = c�. On substituting the two conditions,

c (`; s) = A exp

"
�
r
s+ k

D
`

#
+B exp

"r
s+ k

D
`

#
=
c�

s
(SI.15)

c (0; s) = A+B =
c�

s
(SI.16)

On rearranging Equation 15,

B =
c�

s
exp

"
�
r
s+ k

D
`

#
�A exp

"
�2
r
s+ k

D
`

#
(SI.17)
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On substitution of Equation 16,A andB are defined.

A+B =
c�

s
=
c�

s
exp

"
�
r
s+ k

D
`

#
+A 1� exp

"
�2
r
s+ k

D
`

#!
(SI.18)

A =
c�

s

1� exp
�
�
q

s+k
D `

�
1� exp

�
�2
q

s+k
D `

� (SI.19)

B =
c�

s
exp

"
�
r
s+ k

D
`

#
� c

�

s
exp

"
�2
r
s+ k

D
`

# 1� exp ��q s+k
D `

�
1� exp

�
�2
q

s+k
D `

� (SI.20)

Substitution ofA andB into Equation 14 yields

c (x; s) = A exp

"
�
r
s+ k

D
x

#
+B exp

"r
s+ k

D
x

#
(SI.21)

=
c�

s

1� exp
�
�
q

s+k
D `

�
1� exp

�
�2
q

s+k
D `

� exp"�rs+ k
D

x

#
+
c�

s
exp

"r
s+ k

D
x

#0BB@ exp

�
�
q

s+k
D `

�
� exp

�
�2
q

s+k
D `

�
1�exp

h
�
p

s+k
D `

i
1�exp

h
�2
p

s+k
D `

i

1CCA

c (x; s) =
c�

s
exp

"
�
r
s+ k

D
[`� x]

#
+
c�

s

8>>>>>>>>>><>>>>>>>>>>:

exp

�
�
q

s+k
D x

�
� exp

�
�
q

s+k
D [`+ x]

�
� exp

�
�
q

s+k
D [2`� x]

�
+ exp

�
�
q

s+k
D [3`� x]

�
1� exp

�
�2
q

s+k
D `

�

9>>>>>>>>>>=>>>>>>>>>>;
(SI.22)

Forax < 1, 1
1�eax = 1 + e

ax + e2ax + :::: =
P

j=0 e
jax . Equation 22 is expressed as a series.

c (x; s) =
c�

s
exp

"
�
r
s+ k

D
[`� x]

#
(SI.23)

+
c�

s

8>><>>:
exp

�
�
q

s+k
D x

�
� exp

�
�
q

s+k
D [`+ x]

�
� exp

�
�
q

s+k
D [2`� x]

�
+ exp

�
�
q

s+k
D [3`� x]

�
9>>=>>;
X
j=0

exp

"
�2j`

r
s+ k

D

#

c (x; s) =
c�

s
exp

"
�
r
s+ k

D
[`� x]

#
+
c�

s

X
j=0

exp

"
� [2j`+ x]

r
s+ k

D

#
(SI.24)

�c
�

s

X
j=0

exp

"
� [(2j + 1) `+ x]

r
s+ k

D

#
� c

�

s

X
j=0

exp

"
� [2 (j + 1) `� x]

r
s+ k

D

#

+
c�

s

X
j=0

exp

"
� [(2j + 3) `� x]

r
s+ k

D

#
The problem is solved for c (x; t) by finding the inverse Laplace transform of Equation 24.

3.2 Inverse Laplace Transform of c (x; s) Derives c (x; t)

This expression for c (x; s) is complex and might be simplified in various ways, but the inverse Laplace transform is
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readily specified. From Doestch [1], whereerf c (z) is the error function complement1 of z,

exp
�
��
p
s+ k

�
s

, 1

2

�
exp

h
��
p
k
i
erf c

�
�

2
p
t
�
p
kt

�
+ exp

h
�
p
k
i
erf c

�
�

2
p
t
+
p
kt

��
(SI.26)

Then, the termwise inverse for Equation 24 yieldsc (x; t).

2c (x; t)

c�
=

2664 exp

�
� (`� x)

q
k
D

�
erf c

h
`�x
2
p
Dt
�
p
kt
i

+exp

�
(`� x)

q
k
D

�
erf c

h
`�x
2
p
Dt
+
p
kt
i
3775 (SI.27)

+
X
j=0

2664 exp

�
� (2j`+ x)

q
k
D

�
erf c

h
2j`+x

2
p
Dt
�
p
kt
i

+exp

�
(2j`+ x)

q
k
D

�
erf c

h
2j`+x

2
p
Dt
+
p
kt
i
3775 (SI.28)

�
X
j=0

2664 exp

�
� ((2j + 1) `+ x)

q
k
D

�
erf c

h
(2j+1)`+x

2
p
Dt

�
p
kt
i

+exp

�
((2j + 1) `+ x)

q
k
D

�
erf c

h
(2j+1)`+x

2
p
Dt

+
p
kt
i
3775

�
X
j=0

2664 exp

�
� (2 (j + 1) `� x)

q
k
D

�
erf c

h
2(j+1)`�x
2
p
Dt

�
p
kt
i

+exp

�
(2 (j + 1) `� x)

q
k
D

�
erf c

h
2(j+1)`�x
2
p
Dt

+
p
kt
i
3775

+
X
j=0

2664 exp

�
� ((2j + 3) `� x)

q
k
D

�
erf c

h
(2j+3)`�x
2
p
Dt

�
p
kt
i

+exp

�
((2j + 3) `� x)

q
k
D

�
erf c

h
(2j+3)`�x
2
p
Dt

+
p
kt
i
3775

3.3 Limiting Behavior of c (x; t)

The behavior at early and late time can be considered. A limiting response forc (x; t) at early or late times allows
ready determination of parameters from the weight data. The initial and final value theorems allow evaluation of limits
ast �! 0 andt �!1. Initial and final value theorems are applied toc (x; s).

3.3.1 Early Time Behavior of c (x; t)

The initial value limit theorem

lim
t�!0

f (t) = lim
s�!1

sF (s) (SI.29)

1 The error function characterizes the area under the probability distribution from 0 toz.

erf z =
2
p
�

Z z

0
e�x

2
dx (SI.25)

The properties of the error function are

erf (�z) = � erf (z)
erf (z) + erf c (z) = 1

erf c (z) = 1� erf (z)
erf c (�z) = 1� erf (�z) = 1 + erf (z)

lim
z�!1

erf c (z) �! 0

lim
z�!1

erf c (�z) = lim
z�!1

(1 + erf (z)) �! 2
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is applied to Equation 23 to yield the early time response.

lim
t�!0

c (x; t) = lim
s�!1

sc (x; s) (SI.30)

= lim
s�!1

s

8>>>>>><>>>>>>:

c�

s exp

�
�
q

s+k
D [`� x]

�

+ c�

s

8>><>>:
exp

�
�
q

s+k
D x

�
� exp

�
�
q

s+k
D [`+ x]

�
� exp

�
�
q

s+k
D [2`� x]

�
+ exp

�
�
q

s+k
D [3`� x]

�
9>>=>>;
P

j=0 exp

�
�2j`

q
s+k
D

�
9>>>>>>=>>>>>>;

�! 0

This yields the initial condition that there is no solvent in the pore at the start of the experiment, consistent with
Equation 9. This outcome serves as check of the derivation but does not provide access to model parameters.

3.3.2 Late Time, Time Invariant Behavior of c (x; t)

The final value theorem is similar to the initial value theorem.

lim
t�!1

f (t) = lim
s�!0

sF (s) (SI.31)

Application of the final value theorem to Equation 24 yields the final concentration.

lim
t�!1

c (x; t) = lim
s�!0

sc (x; s) (SI.32)

= lim
s�!0

s

8>>>>>><>>>>>>:

c�

s exp

�
�
q

s+k
D [`� x]

�

+ c�

s

8>><>>:
exp

�
�
q

s+k
D x

�
� exp

�
�
q

s+k
D [`+ x]

�
� exp

�
�
q

s+k
D [2`� x]

�
+ exp

�
�
q

s+k
D [3`� x]

�
9>>=>>;
P

j=0 exp

�
�2j`

q
s+k
D

�
9>>>>>>=>>>>>>;

�! c� exp

"
�
r
k

D
[`� x]

#
+ c�

8>><>>:
exp

�
�
q

k
Dx

�
� exp

�
�
q

k
D [`+ x]

�
� exp

�
�
q

k
D [2`� x]

�
+ exp

�
�
q

k
D [3`� x]

�
9>>=>>;
X
j=0

exp

"
�2j`

r
k

D

#

= c� exp

"
�
r
k

D
[`� x]

#
+ c�

exp

�
�
q

k
Dx

��
1� exp

�
�`
q

k
D

��
1� exp

�
�2`

q
k
D

�

�c�
exp

�q
k
Dx

�
exp

�
�
q

k
D2`

��
1� exp

�
�`
q

k
D

��
1� exp

�
�2`

q
k
D

�

= c� exp

"
�
r
k

D
[`� x]

#
+ c�

1� exp
�
�`
q

k
D

�
1� exp

�
�2`

q
k
D

� "exp"�r k

D
x

#
� exp

"r
k

D
x

#
exp

"
�
r
k

D
2`

##

After additional algebraic steps, the final value oflimt�!1 c (x; t) is found.

lim
t�!1

c (x; t) = c (x;1) = c� 1

1 + exp

�
�`
q

k
D

� (exp"r k

D
x

#
exp

"
�
r
k

D
`

#
+ exp

"
�
r
k

D
x

#)
(SI.33)

Equation 33 is consistent with the boundary conditions and serves to check the derivation. Atx = 0, c (0; t) = c� and
atx = `, c (`; t) = c�, consistent with Equations 10.
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Equation 33 allows calculation of the final, time invariant weight condensed into the pore,weq, whereweq is the
equilibrium weight fraction in the pore.

3.4 Introduction of Dimensionless Variables

Dimensionless variables allow more facile comparison of competing phenomena, such as rate of transport and rate of
condensation. Dimensionless variables also facilitate fitting model equations to data. Consider several dimensionless
parameters. A dimensionless ratio of timet to rate of condensationk

�
s�1
�

is defined by� where

� =
p
kt (SI.34)

�2 = kt (SI.35)

A dimensionless ratio of reaction rate to transport is described by� where

� =
`
p
kp
D

(SI.36)

As reaction rate increases relative to transport in the pore,� increases. A alternative dimensionless time is defined by
ratio of� to � .

�

�
=

`p
Dt

(SI.37)

These parameters will allow characterization ofw (t).

For completeness, a dimensionless distancep = x
` is introduced. The dimensionless concentration is defined as

f (x; t) =
c (x; t)

c�
(SI.38)

wherec� is the concentration of the gas in the matrix outside pores (g/cm2).

Introduction of dimensionless parameters into Equation 27 yields the dimensionless fractional concentration.

2f (x; t) =

24 exp [� (1� p)�] erf c
h
1�p
2

�
� � �

i
+exp [(1� p)�] erf c

h
1�p
2

�
� + �

i 35+X
j=0

24 exp [� (2j + p)�] erf c
h
(2j+p)
2

�
� � �

i
+exp [(2j + p)�] erf c

h
(2j+p)
2

�
� + �

i 35(SI.39)

�
X
j=0

24 exp [� ((2j + 1) + p)�] erf c
h
(2j+1)+p

2
�
� � �

i
+exp [((2j + 1) + p)�] erf c

h
(2j+1)+p

2
�
� + �

i 35
�
X
j=0

24 exp [� (2 (j + 1)� p)�] erf c
h
2(j+1)�p

2
�
� � �

i
+exp [(2 (j + 1)� p)�] erf c

h
2(j+1)�p

2
�
� + �

i 35
+
X
j=0

24 exp [� ((2j + 3)� p)�] erf c
h
(2j+3)�p

2
�
� � �

i
+exp [((2j + 3)� p)�] erf c

h
(2j+3)�p

2
�
� + �

i 35

4 Weight w (t)

The weight fraction in the pore,w (t) is defined by the amount condensed at timet. Integration of the concentration
at timet down the length of the pore yieldsw (t) by Equation 11.

w (t) = 2�r`N

Z `

0

c (y; t) dy = 2�r`Nc�
Z `

0

f (y; t) dy (SI.40)
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4.1 Equilibrium Weight Fraction weq

The equilibrium weight fraction in the pore,weq is analogously dependent on integration ofc (x;1) as defined in
Equation 33.

weq = 2�r`N

Z `

0

c (y;1) dy (SI.41)

whereZ `

0

c (x;1) dx = c�
1

1 + exp

�
�`
q

k
D

� Z `

0

(
exp

"r
k

D
x

#
exp

"
�
r
k

D
`

#
+ exp

"
�
r
k

D
x

#)
dx(SI.42)

= c�
1

1 + exp

�
�`
q

k
D

�
8>><>>:
q

D
k exp

�q
k
Dx

�
exp

�
�
q

k
D `

�
+
�
�
q

D
k

�
exp

�
�
q

k
Dx

�
9>>=>>;

`

0

= 2

r
D

k
c�
1� exp

�
�
q

k
D `

�
1 + exp

�
�`
q

k
D

� = 2rD
k
c�
exp

�
`
2

q
k
D

�
� exp

�
� `
2

q
k
D

�
exp

�
+ `
2

q
k
D

�
+ exp

�
� `
2

q
k
D

�
Z `

0

c (x;1) dx = 2c�
r
D

k
tanh

"
`

2

r
k

D

#
(SI.43)

Or dimensionlessly, Z `

0

c (x;1)
c�

dx =

Z `

0

f (x;1) dx = 2
r
D

k
tanh

�
�

2

�
= 2

`

�
tanh

�
�

2

�
(SI.44)

and

weq = w (t �!1) = 2�r`Nc�
Z `

0

f (y;1) dy (SI.45)

weq = 4�r`2Nc�
1

�
tanh

�
�

2

�
= 4�r`Nc�

p
D=k tanh

�
�

2

�
(SI.46)

When the equilibrium weight weq is found experimentally, weq provides access to significant characterization 
parameters. A few items of note arise from Equation SI.46.

1. Note that bothweq and4�r`2Nc� are dimensionless.

2. Several constraints accrue from thetanh [�=2].
(a) For� = `

p
k=D > 10, tanh(�=2) �! 1 andweq = 4�r`Nc�

p
D=k. � > 10 corresponds to fast

reaction rate compared to mass transport,D=`2.

(b) For� . 0:25, tanh (�=2) �! �=2 andweq = 2�r`2Nc�. This corresponds to smallk and little con-
densation, soweq is just the mass of gas in the pores. It is probable this is too little mass to measure
experimentally.

3. Typically, the time scale to complete a diffusion processes is roughlyDt=`2 = [�=�]
2 . 5.

4.2 Expressions Used to Generate Fitting ofw (t)

The solution to the specified problem is analytic but requires evaluation of several infinite sums. To do so, the summa-
tions are evaluated in a spreadsheet (ExcelR
) based on input�. Summations for values of� between 50 and 0.001 are
evaluated. This range of� values covers the transition fromk so large there is little to no gas in the pore at equilibrium
because condensation happens rapidly tok so small there is only gas in the pore at equilibrium.

From Equation 40,w (t) = 2�r`Nc�
R `
0
f (y; t) dy. Expression forw (t) depend on representation of

R `
0
f (y; t) dy

as summations off (x; t), defined in Equation 39.
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Figure SI.2: The pore is of̀ = (JMAX � 1)�x. The concentration is measured at the middle of each box, as
represented by the circles, so that the concentration in boxJ = 1 is measured atx = 0:5�x with the gas pore
interface atx = 0 and the right edge of boxJ = 1 atx = 1�x. At J = 0 andJ = JMAX, the concentration reflects
the gas phase concentration and is pinned at a value pinned by relative humidity or dimensionlessly at 1. To evaluate
the total concentration in the pore, the concentrations in the middle of boxesJ = 1 to J = JMAX � 1 are summed.
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The objective is to evaluatef (x; t) for a givent at multiple locationsx down the pore (0� x � `). Then, all
values off (x; t) for the specified time are summed down the length of the pore (acrossx) to evaluate

R `
0
f (y; t) dy.

This requires specifying a time and space grid with indexes ofJ andK, respectively. The maximum number of space
elements isJMAX . See Figure .2. Allow a space increment�x. Let outer edges of the pore be atx = 0 andx = `
or atJ = 1

2�x andJ =
�
JMAX � 1

2

�
�x. Then for a pore of length̀,

�x =
`�

JMAX � 1
2

�
� 1

2

=
`

JMAX � 1 (SI.47)

The concentration for each positionJ is measured in the middle of boxJ , atxj = f0:5; 1:5; 2:5::.... (JMAX � 2:5),
(JMAX � 1:5), (JMAX � 0:5)g�x. To sum across all the boxes contained inside the pore of length`, the summa-
tion is fromJ = 1 to J = JMAX � 1. Just outside the pore wherex = 0 andx = `, the concentration is pinned by
the gas phase concentration set by RH, relative humidity. AtJ = 0 andJ = JMAX, the fractional concentrations are
pinned at 1 in the middle of boxes wherex = �0:5�x andx = (JMAX + 0:5)�x, just outside the pore, so these
concentrations are not included in the sum. The largerJMAX, the better the resolution of the calculation because the
size and so uncertainty of�x decreases. Here,JMAX = 25, which allows calculation with better resolution than
anticipated experimental results.

The maximum number of time values to evaluate is set byKMAX. Here,KMAX = 20. The choice ofKMAX
and how the time values are selected does not impact the quality of the calculation. Here, for0:001 � � � 50,
it was noted empirically that equilibrium is reached (constantweq) provided the maximum time is represented by
�2max = �

2, that is`=
p
D�max = 1. Based onKMAX, the values ofK were incremented asK (�max=KMAX) so

the calculated times arekt = [K�max=KMAX]
2. The time to equilibrium measured as�2 decreased as� decreased.

For each time�2 = kt at the correspondingK, the simulation calculatesf (J;K) for eachJ according to Equation
39. The spreadsheet then calculatessumf

�
�2
�
= (JMAX � 1)�1

Pjmax�1
j=1 f (J;K)

jmax�1X
j=1

f (J;K)�x =
`

JMAX � 1

jmax�1X
j=1

f (J;K) (SI.48)

= `� sumf
�
�2
�

�!
Z `

0

f (y; t) dy

Weight fractionw (t) is defined with respect to the summation on substitution into Equation 40.

w (t) = 2�r`Nc�
Z `

0

f (y; t) dy (SI.49)

= 2�r`Nc�
`

JMAX � 1

jmax�1X
j=1

f (J;K)

w (t) = 2�r`Nc�`� sumf
�
�2
�

(SI.50)

= 2
"

r
c�`� sumf (kt) (SI.51)

Equation 51 introduces the particle porosity," = N�r2` whereN is the number of straight pores per gram of sample,
so" has units of volume per gram of sample (cm3=g) and"c�`=r is dimensionless.

This parameterization is used in a spreadsheet to generate model curves that fit the experimental data.

5 Model Curves for f (x; t) and sumf (kt)

The spreadsheet evaluation ofsumf
�
�2
�

yields maps off (x; t) the fractional concentration of the gas in the pore� �
for various inputs of � at times �2 = kt. The summation of f (x; t) between 1 and JMAX� 1 yields sumf �2
that maps normalized weight fraction w (t) = [2"c�`=r] as a function of �2 or equivalently log [kt]. Here outputs of
fractional concentration of gas in the pore as a function of 0 � x � ` with t and � characterize the interplay between 
diffusion in the pore and rate of condensation as well as the approach to equilibrium for the gas in the pore. Also shown
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are variation insumf
�
�2
�

with log [kt] as a function of�, which characterizes how weight of condensed material
builds in the pore over time�2 = kt.

5.1 Equilibrium Behavior of Gas in the Poref (x; t) with 0 � x � ` as a Function of�

At equilibrium, the concentration of gas in the pore is set by� = `
p
k=D. Consider, for example, a fixed̀. As the

rate of condensationk increases relative toD, transport rate in the pore, the fraction of water condensed relative to the
gas phase will increase. For high�, water will condense rapidly with gas concentration high near the ends of the pore
and lower toward the middle. The fraction in the gas phase isf (x; t) :

Figure SI.3: At equilibrium,f
�
x; �2eq

�
is shown for values of� between 0.1 and 50. At� � 0:1, f

�
x; �2eq

�
�! 1 for

all x and the pore is fully loaded with gas, consistent with small� and the rate of condensation is low. Whne� is high,
condensation is rapid and the little gas penetrates the pore only a short distance andf

�
`=2; �2eq

�
�! 0 in the middle

of the pore. The black line for� = 1 mapsf
�
`=2; �2eq

�
of 0.9.

The model (Section 1) describes the fractional weight increase dependent on condensation from the gas phase. If
the condensation is rapid compared to transport (high�), little gas phase material is available to further condense and
the weight condensed will be small. At equilibrium, the fractional weight of water condensed in the pore isweq. This

is reflected at equilibrium in Equation 46,weq
�
2�r`2Nc�

��1
= 2

� tanh
h
�
2

i
; when� is large,tanh [�=2] �! 1 and

weq
�
2�r`2Nc�

��1 �! 2
� andweq is small. From Figure .3,f

�
x; �2eq

�
is small across allx for large�, soweq is

small.

Equation 46,weq
�
2�r`2Nc�

��1
= 2

� tanh
h
�
2

i
yields a plot ofweq

�
2�r`2Nc�

��1
as a function of�, shown

in Figure .4. The decrease inweq
�
2�r`2Nc�

��1
with increase in� reflects the limited gas phase concentration and

so limited condensed weight. Ifweq
�
2�r`2Nc�

��1
is known experimentally,� can be estimated from the plot. For

� . 0:3. weq
�
2�r`2Nc�

��1 & 0:99.
The open circles are the equilibrium weights evaluated by the spreadsheet. The equilibrium weights are well

matched for� < 10. Regression ofy = spreadsheetweq
�
2�r`2Nc�

��1
with x = 2

� tanh
h
�
2

i
yields slope=

(1:034 � 0:001) and intercept = ( 0:035 � 0:001) for R2 = 0:99997. The resolution of the simulation at JMAX =
25 is good for � . 5 where spreadsheet and analytic expression match within 5%; At higher �, the equilibrium values
are better fit by Equation 46. In general, the spreadsheet results are reliable for 
 . 5.
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Figure SI.4: From Equation 46,weq
�
2�r`2Nc�

��1
= 2

� tanh
h
�
2

i
, a plot ofweq

�
2�r`2Nc�

��1
with � is shown as a

solid line. For� . 0:3, weq
�
2�r`2Nc�

��1
0:99. Givenweq

�
2�r`2Nc�

��1
, � is estimated from the plot. The open

circles are the equilibrium values ofweq
�
2�r`2Nc�

��1
evaluated in the spreadsheet.

5.2 Time Dependent Behavior of Gas in the Poref (x; t) with 0 � x � ` as a Function of�

The time evolution that maps the building of gas in the pore is shown for� = 1 in Figure .5 as a function of�2 = kt.
At early times, the pore is filling from the ends of the pore atx = 0 andx = `, and no gas phase material has
reached the center of the pore. As time progresses, gas moves toward the middle of the pore and concentration builds
alongx until equilibrium is reached. For� = 1, the rate of condensation and the rate of transport down the pore are
comparable.

For comparison, plots are shown for� = 5 and� = 0:2. For� = 5 in Figure .6, the rate of condensation is higher
than the rate of transport down the pore, so there is less material at equilibrium in the pore and notably at equilibrium,as
compared to� = 1 shown in Figure .5. The result is reversed for� = 0:2 shown in Figure .7, where transport down
the pore is more efficient than the rate of condensation so that as compared to� = 1, the pore is completely filled with
gas by the time equilibrium is reached:

The greater the fraction of gas in the pore, the greater the condensation in the pore and so the higher the measured
weight.

The model yields the time evolution of weight assumf
�
�2
�

versuslog kt dependent on�. The variation is
mapped in Figure .8.

6 Approach to Fit Experimental Data

Experimental data are available as the dimensionlessw (t), the weight condensed/dry weight of sample. Several notes
are provided to aid in fitting the data. The fit assumes the equilibrium weightweq is measured.

6.1 Information that may be useful in fitting experimental data

Information that may be useful in fitting data are outlined. This includes calculation ofc� from relative humidity. The
fitting protocol follows.

1. The concentration of the water in the gas phasec� has units of grams gas species / cm3, which is calculated
from the percent relative humidity,RH. RH is the ratio of the mass or density in the gas phase to the maximum
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Figure SI.5: The concentration down the length of the pore is shown to increase as a function of time�2 where�2

is 0.0025, 0.01, 0.04, 0.09, 0.16, 0.25, 0.36, and equilibrium. For� = 1, at equilirbrium the pore is filled� 90%
down the length of the pore, with minimum at the center of the pore. The pore approaches gas filled, which allows
substantial condensation so the equilibrium weight fraction is also substantial.

Figure SI.6: For� = 5, the concentration down the length of the pore increases as a function of time�2 where�2 is
0.0625, 0.25, 0.5625, 1, 1.5625, 3.0625, and equilibrium. For� = 5, at equilirbrium the pore is filled. 16% at the
center of the pore. Because of the low gas content in the pores, the weight change will be less than for lower values of
�.
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Figure SI.7: For� = 0:2, the concentration down the length of the pore increases as a function of time�2 where�2 is
0.001, 0.0004, 0.0016, 0.0025, 0.0049, 0.01, 0.0144, and equilibrium. For� = 0:2, at equilirbrium the pore is filled
> 99:5% at the center of the pore. The high fraction of gas in the pores allows high degrees of condensation and large
weight changes.

Figure SI.8: The time evolution ofsumf(kt) with log k + log t for � between 0.001 and 5. For� < 1, sumf (kt)
converges to 1 with large shifts on the time axis. For� > 1, the equilibriumsumf (kt) < 1. On the plots to aid
identifying curves,� of 0.5 and 5 are dashed;� of 0.2 and 2 are dotted. Values are tabulated in Section 8.
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mass or density when fully saturated at a given temperature [2]. Here, the calculations are forc� in g/cm3. � in
units of g/m3

RH (%) = 100
�

�sat
(SI.52)

At 25 oC and 100 % RH, values of 19.96 g H2O/kg air [3] and 19.673 g/kg [4] or 23.015 g/m3 are reported.
Based on 23.015 g/m3, .

c�
�
g=cm3

�
= 0:010�RH (%)� �sat �

� m

100cm

�3
(SI.53)

= 10�8RH (%)� �sat
= 10�8 (23:015)�RH (%)

c�
�
g=cm3

�
= 2:3015� 10�7RH (%) (SI.54)

For theRH (%) values used in the experiments reported here are shown in Table 1.

Table SI.1: Table ofc� in g=cm3 for Relative Humidities in Experimental Studies

RH (%) c�
�
g=cm3

�
30 6.9045�10�6
45 10.357�10�6
60 13.809�10�6
80 18.412�10�6
100 23.015�10�6

2. When data approaches equilibrium,weq = 2�r`2Nc� 2� tanh
h
�
2

i
, as expressed in Equation 46 Values of`,

r, and N are needed. Alternatively, the porosity" of particles with straight pores is expressed as volume
per gram of sample (cm3/g), " = �r2`N . If " is known, Equation 46 is equivalently expressed asweq =

2" `r c
� 2
� tanh

h
�
2

i
.

(a) Here, ̀  is taken as the mode of the particle diameters as measured from microscopy images. Images were
processed with ImageJ software39 to measure the length of the crystallites.  From measurements on 212
particles that were ground before microscopy and sorption experiments, the mode was highest for 2 �m
particles, the value for 18% of the particles. The distribution is shown in Figure .9 for the 212 particles
examined.

(b) The radius of the pores was determined by single crystal X-ray diffraction and found to be 6 � 10�8 cm.

This radius corresponds to channels that are roughly 4 water molecules wide.

(c) The porosity " = 0:9732 as determined by analysis of the structural data by the CrystalMaker 2.5.0 software. 
0:9732

�(6�10�8)2(2�10�4) =
Given ", r, and ̀ , N is determined N = " �r2`� 1 

= 4:3 � 1017 pores per 

gram of sample.

(d) The density of the particles is 2.084 g/cm3 as determined by structural characterization of the material.

3. For comparison, diffusion coefficients are roughly 0.1 cm2/s in gases (water in airD = 0:260 cm2/s [5]), small
molecules (gases) in water on the order of 1 to several�10�5 cm2/s [5].

6.2 Protocol to Fit Experimental Data

Given values of̀ , r, and either" or N and anexperimentally determined equilibrium weight fractionweq (mass of
water sorbed per mass of particles), data are fit as follows. Start with the equilibrium weight fractionweq.

1. From the equilibrium data:
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Figure SI.9: The diameters of particles used in the sorption experiments were extracted from microscopy images. In
the fitting of the data,̀ is taken as the mode of the diameter, 2�m, that accounted for 18% of the particles.
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(a) Calculate the dimensionless valueweq=
�
2�r`2Nc�

�
or weq=

�
2" `r c

��; both expressions are equivalent

to2� tanh
h
�
2

i
(b) Successively estimate�, until the value of� is found such thatweq=2�r`2Nc� = 2

� tanh
h
�
2

i
equals

weq=
�
2�r`2Nc�

�
which equalsweq=

�
2" `r c

��.
i. A spreadsheet is a facile means to make the estimates of�.

ii. An estimate can also be made from Figure .4.

(c) If data are available for replicates and / or multiplec� (relative humidities), fit each datum separately.
Average the equilibrium values for the replicates after� is found for each datum.

(d) Generally, given the reproducibility of experimental data,� can likely be estimated with significance to
one or two significant figures.

2. From the time dependent data is fit as follows. The spreadsheet and experimental data will have the same
maximum, equilibrium value, but the time axes will be offset bylog k. Determining the displacement between
the fit and the experiment will yieldlog k.

(a) Given� andweq=2�r`2Nc�, use either use a spreadsheet to calculatesumf
�
�2
�

across a range oflog
�
�2
�

for the given� or use the set of tabulated time dependentw (t) values given in Section 8 or use the Figure
as the base. Make a plot of the spread sheet values ofw (t) =

�
2�r`2Nc�

�
= w (t) =

�
2" `r c

�� versus
log k + log t for the appropriate�.

(b) Similarly, plot the experimental data asw (t) =
�
2�r`2Nc�

�
= w (t) =

�
2" `r c

�� versuslog t over the exper-
imentally accessible range.

(c) If the� for the spreadsheet is correctly chosen, both the model and experimental data will converge to the
same value at long times where equilibrium is reached.

(d) To the x-axis for the spreadsheet data, add� log k until the experimental and model curves superimpose.
Successively approximate value ofk � 0 to find the overlap andk.

i. It is best to fit the limitingweq=
�
2�r`2Nc�

�
and one or more points on the rising portion ofw (t) =

�
2�r`2Nc�

�
.

Fit of w (t) =
�
2�r`2Nc�

�
roughly between initial andweq=

�
2�r`2Nc�

�
is best.

ii. A spreadsheet is an efficient means to estimatek.

(e) From the time dependent data,k is determined.

3. From equilibrium data,� is found. If time dependent data are fit,k is found.

(a) Given� = `
p
k=D andk, �2=k = `2=D.

(b) Given`,D is found asD = k [`=�]
2. FromD, the matrix (gas, liquid, clathrate, solid) in the pore can be

considered.

6.2.1 Additional Notes

1. Even without time dependent dataw (t), � = `
p
k=D can be determined fromweq and either�r`2Nc� or

" `r c
�.

2. Equation 46 (weq = 2�r`2Nc� 2� tanh
h
�
2

i
or equivalentlyweq = 2" `r c

� 2
� tanh

h
�
2

i
) can be simplified in the

limits of large and small�.

(a) lim��!0
2
� tanh

h
�
2

i
�! 1 andweq �! 2�r`2Nc�. From Figure .4 and common mathematical approxi-

mations, this is appropriate for� . 0:25.

(b) lim��!1
2
� tanh

h
�
2

i
�! 2

� andweq �! 4�r`2Nc�=� = 4�r`Nc�
p
D=k. From common mathemati-

cal approximations, this is appropriate for� > 5.
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7 Fit of the Experimental Data

Data were collected for water at 80, 60, 45, and 30% RH. All except 30% RH, exhibit clear increase inw (t) with time.
The 80, 60 and 30 % RH were recorded for 90 minutes, except in one case of 60% where 105 minutes were collected.
For 45% RH, data were collected for 180, 300, and 360 minutes. Data for 80 and 60% were fit to an equilibrium
weight at 90 minutes. For 45% data were fit to an equilibrium weight at 90 and at 180 minutes. All fits were made for
� of 3 or 4 andlog k of -3.3 to -3.95, which is a good fit. Each fit was for 3 trials.

Data are fit as̀ = 2�10�4 cm;r = 6�10�8 cm;" = 0:9732 cm3/g. Values ofc� are calculated from the relative
humidity, as tabulated in Table 1.

7.1 Fit of 80% RH Data

The 3 trials for 80%RH are in good agreement as shown by blue markers in Figure .10, wherew (t) [2c�"`=r]
�1

is plotted againstlog t.. For each trial, the equilibrium weightweq was taken asw (t) at 90 minutes, which allows

estimation of� based on Equation 46 (weq=
�
2�r`2Nc�

�
= weq=

�
2" `r c

�� = 2
� tanh

h
�
2

i
). The estimates are shown

in Table 2.

The 80% RH data are fit by� = 4 andlog k = �3:3. Then, the first order rate of condensation is5 � 10�4/s.
For ` = 2� 10�4 cm, this yieldsD = 1:3� 10�12 cm2/s. This diffusion coefficient is about 100 faster than the self
diffusion coefficient for water in ice, but 6 to 7 of orders of magnitude lower than diffusion in liquid water.

Figure SI.10: Three trials at 80% RH are shown. The equilibrium weights were taken as the values at 90 minutes. The
dotted purple line is the fit of the model for� = 4 andlog k = �3:3.

7.2 Fit of 60% RH Data

Two of the 3 trials for 60%RH are in good agreement as shown by green markers in Figure .11, wherew (t) [2c�"`=r]
�1

is plotted againstlog t.. Trial 2 lags the other two trials but comes to the same equilibrium weight by 90 minutes.
For each trial, the equilibrium weightweq was taken asw (t) at 90 minutes and� estimated from Equation 46

(weq=
�
2�r`2Nc�

�
= weq=

�
2" `r c

�� = 2
� tanh

h
�
2

i
). The estimates are shown in Table 3.
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Table SI.2: Fit of 80 % RH Data by Estimation ofb.

Trial weq=
�
2" `r c

��(a) � 2
� tanh

h
�
2

i
1 0.445 4:38 0.445
2 0.483 3:99 0.483
3 0.490 3:92 0.490

average 4:1� 0:2

For� = 4
log k = �3:43 k = 5� 10�4=s
` = 2� 10�4 cm D = 1:3� 10�12 cm2/s

(a) Taken fromw (3400 s);

The 60% RH data are fit by� = 3 andlog k = �3:4. Then, the first order rate of condensation is4� 10�4/s. For
` = 2� 10�4 cm, this yieldsD = 1:7� 10�12 cm2/s.

The values that fit the data for 80 and 60% RH are in excellent agreement.

Figure SI.11: Three trials at 60% RH are shown. The equilibrium weights were taken as the values at 90 minutes. The
dotted purple line is the fit of the model for� = 3 andlog k = �3:4.

7.3 Fit of 45% RH Data

The 3 trials for 45%RH are in acceptable agreement as shown by red markers in Figure .12, wherew (t) [2c�"`=r]
�1

is plotted againstlog t.. The three trials are of similar magnitudes with time, but there is variation in the measurement
time that allows different estimates of the equilibrium weight. The data are fit to equilibrium weight measured at
90 minutes. But a good fit is also observed for equilibrium measured at approximately 3 hours. For each trial and
the equilibrium weightweq was taken asw (t) at 90 minutes,� is estimated from Equation 46 (weq=

�
2�r`2Nc�

�
=
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Table SI.3: Fit of 60 % RH Data by Estimation ofb.

Trial weq=
�
2" `r c

��(a) � 2
� tanh

h
�
2

i
1 0.610 2:954 0.610
2 0.638 2:76 0.638
3 0.608 2:968 0.608

average 3:0� 0:1

For� = 3
log k = �3:4 k = 4� 10�4=s
` = 2� 10�4 cm D = 1:7� 10�12 cm2/s

(a) Taken fromw (3400 s);

weq=
�
2" `r c

�� = 2
� tanh

h
�
2

i
).

The 45% RH data where equilibrium weight is taken at 90 minutes are fit by� = 4 and log k = �3:7. The
estimates are shown in Table 4. The first order rate of condensation is2� 10�4/s. For` = 2� 10�4 cm, this yields
D = 5� 10�13 cm2/s.

The 45% RH data were also fit for equilibrium weight around 180 minutes. This fit is shown as the blue dashed
line in Figure .12 for� = 3 andlog k = �3:95. The first order rate of condensation is1� 10�4/s. For` = 2� 10�4
cm, this yieldsD = 4�10�13 cm2/s. This fit for equilibrium taken at� 180 minutes is in good agreement with the fit
of the 45% RH where equilibrium is taken at 90 minutes. From these fits in the general range of equilibration times,
the model is fairly robust and not critically sensitive to the value of� andlog k.

Across the relative humidities of 45 to 80%, the values that fit the data are in very good agreement, well within an
order of magnitude.

Table SI.4: Fit of 45 % RH Data by Estimation ofb where equilbrium is taken at 90 minutes.

Trial weq=
�
2" `r c

��(a) � 2
� tanh

h
�
2

i
1 0.494 3:89 0.494
2 0.473 4:088 0.473
3 0.453 4:3 0.453

average 4:1� 0:2

For� = 4
log k = �3:7 k = 2� 10�4=s
` = 2� 10�4 cm D = 5� 10�13 cm2/s

(a) Taken fromw (3400 s);
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Figure SI.12: Three trials at 45% RH are shown. For equilibrium weights taken at 90 minutes, the dotted purple line is
the fit of the model for� = 4 andlog k = �3:7. For equilibrium estimated as closer to the weight at 180 minutes, the
data are better fit by� = 3 andlog k = �3:95, as shown by the blue dashed line.

7.4 30% RH Data

Four trials of data were collected at 30% RH for 90 minutes. The data did not approach equilibrium and exhibited
significant variability. These data were not fit. Perhaps measurement at longer times may allow a better approach to
equilibrium. The weight may be at the limit of detection for these measurements.

The data are shown in Figure for completeness.

8 Tabulated Time Dependentw (t) =
�
2�r`2Nc�

�
= w (t) =

�
2" `rc

�� with
log � 2 = log k + log t for Selected �

Spreadsheet values for the time evolution ofw (t) =
�
2�r`2Nc�

�
= w (t) =

�
2" `r c

�� as a function of�2 = kt and

log � 2 = log k + log t are provided for 0:001 �beta � 5.
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Figure SI.13: Four trials at 30% RH were collected for 90 minutes. Equilibrium is not approached. The data at 30%
RH are not fit to the model and are shown for completeness.
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Figure SI.14: Tabulated Values ofw (t) =
�
2�r`2Nc�

�
= w (t) =

�
2" `r c

�� with �2 = kt andlog �2 = log k + log t for
0:001 � � � 0:7. For each value, the equilibrium value ofw (t) =

�
2�r`2Nc�

�
= w (t) =

�
2" `r c

�� to three significant
figures is marked in bold.
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Figure SI.15: Tabulated Values ofw (t) =
�
2�r`2Nc�

�
= w (t) =

�
2" `r c

�� with �2 = kt andlog �2 = log k + log t for
0:8 � � � 5. For each value, the equilibrium value ofw (t) =

�
2�r`2Nc�

�
= w (t) =

�
2" `r c

�� to three significant
figures is marked in bold. For� = 1, all values are marked in bold.
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9.  Model Fit to MIL-53 

1) Extracted the data from the figure and fit the data to the equilibrium model. The 
experiment is to determine waters per unit cell as function of atmospheric pressure.6 
 

 
Figure SI.16 Extracted water uptake data from MIL-53. 

 
2) The measurements are at equilibrium (not time dependent), so the equilibrium equation 

applies: 

𝑤𝑤𝑒𝑒𝑒𝑒 = 4𝜋𝜋𝜋𝜋𝑙𝑙2𝑁𝑁𝑐𝑐∗
1
𝛽𝛽
𝑡𝑡𝑡𝑡𝑡𝑡ℎ

𝛽𝛽
2

 

where both sides are dimensionless. The experimental data are fit as shown and tabulated 
in the table above. In the figure, the blue dot is the experimental data and the red dot is 
the fit. The correlation for the fit against the experiment is shown and #H2O/unit cell = 
(0.999998 +/- 0) P + (0 +/- 1e-15) for 𝛃𝛃 = 0.005.  
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Figure SI.17.  Experimental water uptake for MIL-53 (red circles) compared to fit from 
the model (blue open circles). 
 

3) The fit superimposes for all 𝛃𝛃 <0.01. Interestingly, the model even predicts the kink in 
the curve at about 0.013 bar. Above 0.02 bar, no more water fits in the pore, even if the 
pressure increases. 

4) For any 𝛃𝛃 < 0.25 (see SI), tanh(𝛃𝛃/2)→𝛃𝛃/2 and the adsorption curve (as above) is 
independent of the value of 𝛃𝛃, where 𝛃𝛃 = l[k/D]0.5. For small 𝛃𝛃, diffusion is sufficiently 
fast that no kinetic step limits the response and pore loading is diffusion controlled (no 
significant kinetic inhibition).  

 
Given the large pores in MIL-53, this makes sense as the water molecules have sufficient space 
to move around and pack into the pores without kinetic impact. This contrast with the UMON 
pores described in the paper where the radius of the pores is very small. That is all consistent 
with the MIL-53 pores being very different from the UMON pores. Unfortunately we were not 
able to predict a diffusion coefficient for MIL-53 because the data are equilibrium. If the time 
dependent absorption is reported or the time to equilibrium is known, then a diffusion coefficient 
might be estimated. It is at least known that 𝛃𝛃 = l[k/D]0.5 for MIL-53 is smaller than for UMON 
by about 100 fold and that for MIL-53, there are no significant kinetic steps in the absorption of 
water. 
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10. Solvent Vapor Sorption Experiments 

10.1 Evolved gas analysis 

 
Figure SI.18: Representative FTIR spectra of the vapor phase for gases evolved during the 
thermogravimetric analysis of UMON exposed to the solvent vapor.  Peaks present between 1200-2000 
and 3500-4000 cm-1 are indicate the presence of gaseous water molecules. 

 

10.2 Degradation of UMON in presence of ammonia vapor 
Adsorption of ammonia vapor was also explored because of the potential for hydrogen bonding, 

but exposure to the UMON material results in degradation of the crystalline phase.  Powder X-ray 
diffractograms of the polycrystalline UMON sample after exposure to NH3 vapor indicated that crystals are 
stable up to 15 minutes exposure to NH3 vapor, but begin to transform after 30 minutes (Figure SI.17).  
Additional peaks appear in the diffractogram at 7 and 13 °2θ and continue to increase in intensity after one 
hour of exposure.  A secondary transformation occurs after two hours, where the peak at 7 ° 2θ has 
disappeared, but multiple peaks appear in the diffractogram that do not match with the original UMON 
material or any other known phase.  
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Figure SI.17: Powder X-ray diffractograms were collected of the UMON material after exposure to NH3 
vapor at different time intervals and indicate degradation of starting material. 

 

We previously observed that when UMON crystals were added to NH3 in methanol dissolution 
occurred immediately and then quickly precipitated as a secondary phase.7  This rapid dissolution and re-
precipitation resulted in poor crystal quality and the exact structure could not be determined using single 
crystal X-ray diffraction. We hypothesized that NH3 disrupts the hydrogen bonding network that stabilizes 
the 3-D crystalline lattice, resulting in the formation of a secondary phase, but we were unable to confirm 
the nature of the degradation product.  UMON crystals exposed to NH3 vapor for more than three hours did 
form crystals that were again not crystalline enough for full analysis by single crystal x-ray diffraction.  A 
partial structure refinement suggests the formation of a 1:2 uranyl iminodiacetate monomer, such as the one 
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previously reported in solution by Jiang et al.8  The structure may be charge balanced by an ammonium 
cation, which could be formed by proton abstraction from doubly protonated IDA linker by NH3 molecule.  
This in turn could disrupt the hydrogen bonding network of the crystalline lattice and result in a solid state 
transformation to the degradation phase.  
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