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1. The Model

Considera poreof length¢ andradiusr where?/r >> 1 sotransportdown the porecanbe ratelimiting andonly
onedimensionz is consideredalongthe lengthof the pore. Porediagramis shownin Figure.l. Allow agas(e.g.,

H,O0) to diffusion downthe porewith diffusion coefficient D wherec (z, t) is the concentratiorof gasat distancer

into the poreat time t. Moleculesin the gasphasecancondensen the porewall. Allow condensedjas(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 r&t@*l). The rate water is lost from the gas phase in time and space is

Oc (z,1)
ot
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 at = 0 and no gas in the pore(x, 0) = 0, the amount condensed at tiis then expressed as accumulation
down the length of the pore since the onset of condensatieniftto time¢. Given Equation 1,

= —kc(x,t) (SI.1)

¢ gt
Ccondensed (t) = /OAkc(va)dey (SIZ)

= /Z/tdc(x,t)dy (S1.3)
o Jo
¢

= [ @0 -c@0ld (51.4)
0
¢

= /OC(yﬂf)dy (S1.5)

A sample is composed of porous particles withstraight pores per gram of sample and surface area per one pore
SA = 2mre. The total weight condensed per gram of dry sample at timexpressed as weight fractian(t).

w (t)

t ot
27r7"£N/ / ke (y,w) dydw (SL.6)
0o Jo

2rrf N /Z c(y,t)dy (SL.7)

The limits on w () are0 andthePorefllled with water,where w (t)— — N X Voly pore condensed =
NTT2p11,0.condensea- The density of water condensed in the POrgsseondensca May dlf?er from %ﬁ?k wafe

2. Specify the Problem

Specifythe problemasa diffusion problemin onedimension.Specificatioris setin termsof ¢ (x, t) concentrationn
the gasphase(g/cn?). The estimateis thatgasis sorbedfrom gasphaseinto the porewith sufficiently largeenergy
that sorbatedoesnot significantly partition backinto the gasphase. Gascandiffuse from both endsof the poreat
r=0and x=/.

Fick’s secondaw where D is the diffusion coefficientof the gasphasespeciess alossof gasphasespeciesata
rate kis

t 2c(z,t
80(@? ) _p? g(ﬁ’ ) _ ke () (S1.8)
€Z

This requires one initial and two boundary conditions. ¢ebe the concentration in the gas, whetés in grams

per cn¥. The conversion of relative humidity (e.g., 60 %, 80 %...ytdg/cm?) is presented in Section 6.1.

¢(z,0) = 0 (S1.9)
c(0,t) = c(lt)=c" (S1.10)
The fraction of weight adsorbed is
¢
t) = QWTEN/ c(y,t)dy (SI.12)
0
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Figure SI.1: The geometry of the modeled system for pore of radi@m length off. Vapor diffuses into the pore
fromz=0and xz= /.

3. Solution to the Problem

The specified problem is linear and solved by Laplaaasform to yielcan infiniteseries solution.

3.1 Laplace Transform (LT) of Problem
LT of Equation8 is

2—
sc(z,s) —c(x,0) = D% — kc(z,s) (S1.12)
Substitution of the initial condition, Equation &(x,0) = 0
_ 0%¢ (z, s)

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

s+k
D

s+k
D

x| + Bexp

z (SI.14)

c(x,s) = Aexp l—

A andB are found from the two conditions in equation @0, ¢t) = ¢ (¢,t) = ¢*. On substituting the two conditions,

_ B s+ k s+ k _c
c(l,s) = Aexp|— 5 l| + Bexp Tf = (SI.15)
Z(0,s) = A+B=% (SI.16)
S
On rearranging Equation 15,
c* s+ k s+ k
B = &P l— ) ] —Aexp | -2 ) l (SI.17)
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On substitution of Equation 16} and B are defined.

s+ k

o) 14

* * k
A+B = C:Cexp[— s L
s s D

+A 1—exp l—2

) (SI.18)

., 1—exp [— SJISW}
¢
a4 = < (SI.19)
1 exp {2 HD"”'Z}

1—exp [— Sgkﬁ}

0| - ¢ (SI.20)

c* - s+ k
D

B = =
SGXp D

* k
< exp lQ i
s

stk
1—exp [—2 %E

Substitution ofA and B into Equation 14 yields

_ s+ k s+ k
¢(z,s) = Aexp|— e + Bexp - (S1.21)
_ _ stk _ stk
c”‘1 exp[ Dg} ep[ S+kx Jrc*e S+kx exp{ DE]
= —_ X —_ —_— —_ T
s ; D s D k] e[V
1—exp [—2 'Ekﬂ] —€exp {_2 Dﬂ} m
exp {—1 / ggkx] — exp {— stk [0+ x}]
_ _ stk _ _ s+k _
o oy o exp { 5 [2¢ x]} + exp [ 5+ [3¢ x]}
¢(xz,s) = —exp|— 5 [ —z]| +— (S1.22)
5 5 1—exp [—2 SE’“E]
Foraz < 1, ﬁ =1+e%@ 2@ 4 . = ijo ele*  Equation 22 is expressed as a series.
c* s+ k
~ I N 1.2
¢ (z,8) S CXP D [¢ x]] (S1.23)
+& o [ ” ;’“4 —o [ Bl z]} Z [ g [SK
— exp | —2j
—exp [—\/ stk [20 — x]} + exp {—w/ stk 30 — x}] j=0 D
cs) = Sexp |-y EE -] + S S exp |- 20+ ] EEE (Sl.24)
) = P D s par P J D .
~E S exp |~ (@7 + D e al ) - S S e |~ + 1) - 2]/ EEE
5 4 P J . D s 4 P J o D
j=0 J=0
c* . s+ k
c _1(2 _
+s;exp[ (25 +8) 0]/ >5

The problem is solved for (e, t) by finding the inverse Lapladeansform of Equatio24.
3.2 Inverse Laplace Transform of ¢(x, s) Derives c(x, t)

This expression for ¢ (z, s) is compleand mightbe simplified in various ways, but the inverse Laplae@sform is

SI: Diffusion selectivityof water within metal-organinanotubes - Jayasinghe, Payne, Unruh, Johns, Leddy, Forbes

4



readily specified. From Doestch [1], when ¢ (z) is the error function compleménof z,

VT L e[

Then, the termwise inverse for Equation 24 yields, t).

- \/H} + exp [a\/E] erf {23{ v MH (S1.26)

2e(r,t) exp [— (0 —z)\/E|erfe [2F \/H} 5127
c* +exp {(f —z)\/E|erfe [2% + \/H}
Z exp |— (24 + z) \/% erf Z% kt]
+ L - (S1.28)
j=0 | +exp (2]€+$)\/; erfc[?jg +\/H}

exp |~ ((27 +1)£+x) \/% erf ¢ (23;:/1)—Hw - \/H}

370 | Fexp |((2+ 1)+ ) /& | erfe | CLEEEE 4 /3]

exp —(2(j+1)€—x)\/% erfe 2(];:/11)%_7”—\/5]

|
[
[
=0 | +exp |G +1)0—2) /% erfc[%“)" T+f}
|5
%

exp [— ((27+3)¢—x) \/% erf ¢

j=0 | +exp [((2]'4—3)(—1;) Elerfe

(2j+3)0—=x
2/Dt \/H}

(23+3)Z m+f:|

3.3 Limiting Behavior of ¢ (x,t)

The behavior at early and late time can be considered. A limiting responsé:fot) 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 — oo. Initial and final value theorems are appliec:ta, s).

3.3.1 Early Time Behavior of c(z,t)
The initial value limit theorem

tleOf (t) = lim sF(s) (S1.29)

§—0O0

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

2 z 2
erf z = —/ e % dr SI1.25
V7 Jo ( )
The properties of the error function are
erf (—z) = —erf(2)
erf (z) +erfe(z) = 1
erfc(z) = 1—erf(z)
erfc(—z) = 1—erf(—2)=1+erf(2)
hm erfc(z) — 0O
hm erfc( z) = lim (1+4+erf(z)) — 2
z——00 22—
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is applied to Equation 23 to yield the early time response.

lim c(x,t) = lim sc(z,s) (S1.30)

t—0 §——00

lim s exp {—w#:y] — exp {—q/s'gk[ﬁ—&—m]]
§—00 +%
—exp {— stk 20 — m]} + exp [—\/ £k [3¢ — 2

} > j—o €XP [—2]’( qgk]

— 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(z,t)
The final value theorem is similar to the initial value theorem.
tlim f@) = limosF (s) (S1.31)

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

. lim c¢(z,t) = lim sc(x,s) (S1.32)
% exp |—/ 5k [¢ — 2]
: s+k s+k
= s@os . exp {— 5 a:] — exp {— S0+ x}] o
—+= 21:0 exp —2]€ D

| —exp {ﬁ[% - x]} +exp [ﬁ[gé - x]}
: ] exp |~/ Ex| —exp [~/ [0 + 2]
e | wa]_ﬂ* — exp [p[/g[%}x]} fe{xp\[ﬁ\/g[ij}] Jz:?:exp lw\/ﬂ
oy ]l )

= cow- Z[ﬁ—m]_ ey — [—%/ﬂ

I [ O

1 — exp [—zé\/ﬂ

k
c = exp | —1\/ =x| —exp —x|exp |—\/ =
1 —exp —QE\/E] b b b
After additional algebraic steps, the final valudiai; ., ¢ (z, ) is found.
. . 1 [k [k [k
tE}nooc(oc,ﬁ) =c(z,00)=c¢ - {exp Dm] exp [— BE — Dx] } (S1.33)
1+exp —E\g L

Equation 33 is consistent with the boundary conditions and serves to check the derivatios. At (0,t) = ¢* and
atz = ¢, c(4,t) = ¢, consistent with Equations 10.

—C

+ exp
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Equation 33 allows calculation of the final, time invariant weight condensed into thewpgrevherew,, 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 titni rate of condensatioh (s—*) is defined byr where

- Vkt (S1.34)
™ = kt (S1.35)
A dimensionless ratio of reaction rate to transport is describegikere
Wk
vD
As reaction rate increases relative to transport in the gbiegreases. A alternative dimensionless time is defined by
ratio of 5 to 7.

B = (S1.36)

p__L (S1.37)

These parameters will allow characterization.offt).
For completeness, a dimensionless distanee7 is introduced. The dimensionless concentration is defined as

flat) = St (S1.38)

C*
wherec* is the concentration of the gas in the matrix outside pores @/cm
Introduction of dimensionless parameters into Equation 27 yields the dimensionless fractional concentration.

2 (,4) exp[— (1 —p)Blerfc|52E — 7 oy exp [~ (2j +p) Blerf ¢ [ @218 _
x, = ‘
+exp[(1—p)Blerfe | 4522 +7 = | +exp((2) +p)Blerte | BHRE 4 7 (T|_39)
[ 1 2541
_Z exp[—((25 + 1) +p)Blerfe %éfT
= | tel(25+1) +p)flerfe (EIERIES - B
- | 1
B e A R L o
=0 | texp[2(G+1) —p)pBlefe Wgﬂ
exp [~ ((2) +3) — p) Blerf ¢ | 2E=LE
+Z (2j+3)-p B
=0 | +exp[((2+3) —p) flefe | BHFEE 47

4 Weight w(t)

The weight fraction in the porey (¢) is defined by the amount condensed at timéntegration of the concentration
at timet down the length of the pore yields(¢) by Equation 11.

¢ ¢
w(t) =2nrdN [ c(y,t)dy =2wrdNc* [ f(y,t)dy (S1.40)
0 0
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4.1 Equilibrium Weight Fraction w,,

The equilibrium weight fraction in the porey., is analogously dependent on integrationcdf, co) as defined in
Equation 33.

¢
Weq = QWTEN/O ¢ (y,00) dy (S1.41)

—\/gxl } da(S1.42)

where

/Oec(x,oo) dr = c* 1 - /04 {exp [\/Exl exp [— %E

+ exp

¢
D ¢ |k
c(xz,00)dr = 2¢"y/—tanh |- (S1.43)
et 2ot 315
Or dimensionlessly,
¢ ¢
clz,00) _o /P Bl _,t B
/0 o dx = ; f(z,00)dx =2 ktanhb —26tanh 5 (Sl.44)
and
‘
Weq = w(tHOO):QTFTZNC*/ f(y,00)dy (S1.45)
0
Weq = 4WT€2NC*%tanh mzmrmcxw/ktmh m (S1.46)

When the equilibriunweight w., is found experimentallyy., provides access to significant characterization
parametersA few items of note arise from Equatiii.46.

1. Note that bothu., and4rr¢? Nc* are dimensionless.

2. Several constraints accrue from thah [5/2].
(@) Forg = ¢y/k/D > 10, tanh(8/2) — 1 andw,., = 4nr{Nc*\/D/k. 8 > 10 corresponds to fast
reaction rate compared to mass transpbit¢?.

(b) ForB < 0.25, tanh (3/2) — (/2 andw,, = 27rf>Nc*. This corresponds to smatland little con-
densation, sav., 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 roughly? = [7/6]2 < 5.

4.2 Expressions Used to Generate Fitting ab (¢)

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 (F_@jetbased on inpuf. Summations for values @f between 50 and 0.001 are
evaluated. This range gfvalues covers the transition froknso large there is little to no gas in the pore at equilibrium
because condensation happens rapidly $0 small there is only gas in the pore at equilibrium.

From Equation 40y (t) = 2wr{Nc* f(f f (y,t) dy. Expression fotv (¢) depend on representationj;‘ﬁf (y,t)dy
as summations of (z, t), defined in Equation 39.
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(JMAX + 0.5) Ax

Figure SI.2: The pore is of = (JMAX — 1) Az. The concentration is measured at the middle of each box, as
represented by the circles, so that the concentration inJoex 1 is measured at = 0.5Ax with the gas pore
interface at: = 0 and the right edge of bax = 1 atx = 1Az. At J = 0 andJ = JM AX, 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 boxesto J = JM AX — 1 are summed.

SI: Diffusion selectivityof water within metal-organinanotubes - Jayasinghe, Payne, Unruh, Johns, Leddy, Forbes 9



The objective is to evaluaté(z,t) for a givent at multiple locationse down the pore (0< x < ¢). Then, all
values off (x, t) for the specified time are summed down the length of the pore (a;e)dssevaluatef(f f (y,t)dy.
This requires specifying a time and space grid with indexes afid K, respectively. The maximum number of space
elements isTM AX . See Figure .2. Allow a space incremext. Let outer edges of the pore besxat= 0 andx = ¢
oratJ = 1Az andJ = (JMAX — }) Az. Then for a pore of length,

4 4

(JMAX — 1) =17~ JMAX —1

The concentration for each positidnis measured in the middle of bak atz; = {0.5,1.5,2.5...... (JMAX — 2.5),
(JMAX —1.5), (JMAX — 0.5)}Az. To sum across all the boxes contained inside the pore of léntie summa-
tionis fromJ =1toJ = JM AX — 1. Just outside the pore where= 0 andxz = ¢, the concentration is pinned by
the gas phase concentration set by RH, relative humidityl At0 and.J = JM AX, the fractional concentrations are
pinned at 1 in the middle of boxes where= —0.5Az andz = (JM AX + 0.5) Az, just outside the pore, so these
concentrations are not included in the sum. The lafgerA X, the better the resolution of the calculation because the
size and so uncertainty dfx decreases. Herg M AX = 25, which allows calculation with better resolution than
anticipated experimental results.

The maximum number of time values to evaluate is sekly AX. Here, K M AX = 20. The choice of¥ M AX
and how the time values are selected does not impact the quality of the calculation. Hé&répfoxK g < 50,
it was noted empirically that equilibrium is reached (constanf) provided the maximum time is represented by
2. = %, thatisl/\/DTmax = 1. Based onk M AX, the values ofX were incremented a& (7 yax/KMAX) so
the calculated times aig = [K 7max /K M AX]?. The time to equilibrium measured a% decreased a$ decreased.

For each time-2 = kt at the correspondingy’, the simulation calculate(.J, K) for eachJ according to Equation

39. The spreadsheet then calculates.f (r2) = (JMAX —1)"" YI0™ 71 £ (], K)

Azr =

(S1.47)

jmax —1 / jmax —1

Y fUK)Az = AT 1 > fULK) (S1.48)
Jj=1 J

)

= {xsumf (7'2)

¢
— /f(y,t)dy
0

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

w(t) = 2mr{Nc" / Zf(y,t) dy (S1.49)
’ , jmax —1
= ZWTKNc*m ; f(J,K)
w(t) = 2ard{Nc*l x sumf (72) (S1.50)
- 2§c*€ x sumf (kt) (SI.51)

Equation 51 introduces the particle porositys Nmr2¢ whereN is the number of straight pores per gram of sample,
soe has units of volume per gram of sample (¢fg) andzc*¢/r is dimensionless.

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

5 Model Curves for f(z,t) and sumf (kt)

The spreadsheet evaluation safm f (72) yields maps off (z,t) the fractional concentration of the gas in the pore
for variousinputsof 3 attimest2 = kt. The summatiorof f (x,t) betweenl andJMAX— 1 yields sumf (72)
that mapsnormalizedweight fractionw (¢) / [2ec*¢/r] asa function of 72 or equivalentlylog [kt]. Hereoutputsof

fractionalconcentratiorof gasin the poreasafunctionof 0 < x < ¢ with ¢ and5 characterizeéheinterplaybetween
diffusionin the poreandrateof condensatioaswell astheapproacho equilibriumfor thegasin the pore. Also shown

Sl: Diffusion selectivityof water within metal-organinanotubes - Jayasinghe, Payne, Unruh, Johns, Leddy, Forbes
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are variation insumf (72) with log [kt] as a function of3, which characterizes how weight of condensed material
builds in the pore over time? = kt.

5.1 Equilibrium Behavior of Gas in the Pore f (z, t) with 0 < = < ¢ as a Function of

At equilibrium, the concentration of gas in the pore is sefsby ¢,/k/D. Consider, for example, a fixed As the

rate of condensatioh increases relative tD, transport rate in the pore, the fraction of water condensed relative to the
gas phase will increase. For highwater will condense rapidly with gas concentration high near the ends of the pore
and lower toward the middle. The fraction in the gas phaggis ¢) .

Equilibrium Pore Loading f(x,t) with p B:0.1;0.5; 1; 2;

05 1 25 4 55 7 85 10 115 13 145 16 175 19 20.5 22 235
fractional length in pore (/Ax)

Figure S1.3: At equilibrium f (,72,) is shown for values of between 0.1 and 50. At < 0.1, f (x,72,) — 1 for
all  and the pore is fully loaded with gas, consistent with sfiahd the rate of condensation is low. Whhés high,
condensation is rapid and the little gas penetrates the pore only a short distao‘téﬂ;énd-gq) — 0 in the middle
of the pore. The black line fof = 1 mapsf (¢/2,72,) 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 (Rigtittle 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 poge This

is reflected at equilibrium in Equation 46, [27r(>Nc*] = 2 tanh [g} ; wheng is large,tanh [3/2] — 1 and

—1 . . . .
Weq [2n72Ne*| " — % andw,, is small. From Figure .3f (x,72,) is small across alt: for large 3, sow., is
small.

Equation 46,w,, [QWEQNC*}_I = %tanh {g] yields a plot ofw, [ZerQNc*}_l as a function of3, shown

in Figure .4. The decrease in, [QMZQNC*] ~! with increase in5 reflects the limited gas phase concentration and
so limited condensed weight. 4f.,, [27rr€2Nc*} ~'is known experimentally3 can be estimated from the plot. For
BS0.3. wey [20r2Ne*] ' 2 0.99.

The open circles are the equilibrium weights evaluated by the spreadsheet. The equilibrium weights are well

matched for3 < 10. Regression of) = spreadsheet,, [27rr£2Nc*]_1 with z = 2 tanh [g} yields slope=

(1.034 4 0.001) andintercept= ( 0.035 + 0.001) for R? = 0.99997. Theresolutionof thesimulationat JM AX =

25 is goodfor 8 < 5 wherespreadsheatndanalyticexpressiommatchwithin 5%; At higher, the equilibriumvalues
are bettefit by Equatiord6. In generalthe spreadsheet results are religble

<.

11
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1 Equilibrium w, /[2nrf?Nc*]

with

0.8
2
% 0.6
= 0.4

g
3

0.2 O

O
0 fif]
0O 5 10 15 20 25 30 35 40 45 50 55 60

B

B
solid line. For3 < 0.3, weq [27r02Nc*] ~10.99. Givenw, [27rf*Nc*] ~!', s estimated from the plot. The open
circles are the equilibrium values of,, [27rr€2Nc*] ~! evaluated in the spreadsheet.

Figure SI.4: From Equation 46y, [277(?>Nc*] ' = 2 tanh [g} a plot ofw,, [27r¢2Nc*] ~! with 3 is shown as a

5.2 Time Dependent Behavior of Gas in the Por¢ (x,t) with 0 < z < ¢ as a Function of3

The time evolution that maps the building of gas in the pore is showg ferl in Figure .5 as a function af? = kt.
At early times, the pore is filling from the ends of the porerat 0 andz = ¢, 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
alongz until equilibrium is reached. Fg# = 1, the rate of condensation and the rate of transport down the pore are
comparable.

For comparison, plots are shown for= 5 ands = 0.2. Forg = 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 tg? = 1 shown in Figure .5. The result is reversed fbo= 0.2 shown in Figure .7, where transport down
the pore is more efficient than the rate of condensation so that as compareditpthe 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 agm f (72) versuslog kt dependent or. The variation is
mapped in Figure .8.

6 Approach to Fit Experimental Data

Experimental data are available as the dimensionlegs, the weight condensed/dry weight of sample. Several notes
are provided to aid in fitting the data. The fit assumes the equilibrium weighis measured.

6.1 Information that may be useful in fitting experimental data

Information that may be useful in fitting data are outlined. This includes calculatiehfodm relative humidity. The
fitting protocol follows.
1. The concentration of the water in the gas phashas units of grams gas species /’¢which is calculated
from the percent relative humidit® H. RH is the ratio of the mass or density in the gas phase to the maximum
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Pore Loading f(x,t) with T2=kt: =1 v ;D'D:EL;' ;é“? 0-05;
j 0.25; 0.36; eq.

05 1 25 4 55 7 85 10 115 13 145 16 175 19 205 22 235
fractional length in pore (/Ax)

Figure SI.5: The concentration down the length of the pore is shown to increase as a function -of tirere 72
is 0.0025, 0.01, 0.04, 0.09, 0.16, 0.25, 0.36, and equilibrium. G~er 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.

Pore Loading f(x,T) with 2= kt: =5 *° ; 0.25; 0.5625; 1;
i ; 3.0625; eq.

05 1 25 4 55 7 85 10 115 13 145 16 175 189 205 22 235
fractional length in pore (/Ax)

Figure SI.6: For3 = 5, the concentration down the length of the pore increases as a function oftimeerer? is
0.0625, 0.25, 0.5625, 1, 1.5625, 3.0625, and equilibrium.gFer 5, at equilirbrium the pore is fillegk 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

3.
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Pore Loading f(x,T) with 2= kt: =0.2 %000 0.0004; 0.0016; 0.0025;
; 0.0144; eq.

¥

05 1 25 4 55 7 85 10 115 13 145 16 175 19 205 22 235
fractional length in pore (/Ax)

Figure SI.7: For3 = 0.2, the concentration down the length of the pore increases as a function aftiwieerer? is
0.001, 0.0004, 0.0016, 0.0025, 0.0049, 0.01, 0.0144, and equilibriums Fo6.2, 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.

Time evolution of sumf(kt) with p B:0.001,0.01, 0.1,0.7,0.3, 0.4, 0.5
10 L, 07,0509 1;2;3;4:5

0.8

&
&

sumf{kt)
o
T

0.0
-7.0 -6.0 -5.0 -4.0 -3.0 -2.0 -1.0 0.0 1.0

logt+logk

Figure S1.8: The time evolution ofum f(kt) with log k + logt for 8 between 0.001 and 5. Fgr < 1, sumf (kt)
converges to 1 with large shifts on the time axis. Bor 1, the equilibriumsumf (kt) < 1. On the plots to aid
identifying curves g 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 calculationscérie fgicn?. p in
units of g/n¥

RH (%) = 1002 (S1.52)
sat
At 25 °C and 100 % RH, values of 19.96 g,@/kg air [3] and 19.673 g/kg [4] or 23.015 glnare reported.
Based on 23.015 g/fn.

3
¢ (g/em®) = 0.010 x RH (%) X paus X (ﬁ) (S1.53)
= 10_8RH (%) X psat
= 107%(23.015) x RH (%)
¢* (g/em®) = 2.3015 x 107 "RH (%) (S1.54)

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

Table SI.1: Table of* in g/cm? for Relative Humidities in Experimental Studies

RH (%)  c* (g/em?)

30 6.9045x10°
45 10.357x10°6
60 13.809x10°6
80 18.412x10°6
100 23.015x10°

2. When data approaches equilibrium,, = 27rr£2Nc*% tanh [%} as expressed in Equation 46 Values/pf

r, and N are needed. Alternatively, the porosiyof particles with straight pores is expressed as volume
per gram of sample (ctg), e = 7r?¢N. If ¢ is known, Equation 46 is equivalently expresseduas =

25%0*% tanh [%} .
Here,/ is takenasthe modeof the particlediametersasmeasuredrom microscopyimages.Imageswere
processed with ImageJ software39 to measure the lengdtie ofystallites. From measurementsn 212
particlesthatweregroundbeforemicroscopyand sorptionexperimentsthe modewas highestfor 2 pm
particles,the valuefor 18% of the particles. The distributionis shown in Figure9 for the 212 particles

examined.
Theradiusof the poreswasdeterminedy singlecrystalX-ray diffraction andfoundto be 6 x 10~8 cm.
This radius corresponds to channels that are roughly 4 water molecidles

(c) Theporositye = 0.9732 asdeterminedoy

Givene, r, and/, N is determinedV = ¢ 720 ' = 4.5 x 1017 pores per 0.9732 -
m(6x10—8)2(2x10—14)

gram of sample.
(d) Thedensityof the particlesis 2.084g/cm?

3. For comparison, diffusion coefficients are roughly 0.2/nin gases (water in aid = 0.260 cnm?/s [5]), small
molecules (gses) in water on the order of 1 to sevetaD—® cm?/s [5].

6.2 Protocol to Fit Experimental Data

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

1. From the equilibrium data:
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Size Distribution: fraction vs log [size]. 212 particles
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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 diametey 8, that accounted for 18% of the particles.
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(a) Calculate the dimensionless valug,/ [2mr¢2Nc*] or we,/ [2e£c*]; both expressions are equivalent
to% tanh {g}

(b) Successively estimate, until the value of3 is found such thatv.,/2rr¢?Nc* = %tanh {g} equals
Weq/ [27r2 Nc*| which equalave,/ [2c£¢*].
i. A spreadsheetis a facile means to make the estimatgs of
ii. An estimate can also be made from Figure .4.
(c) If data are available for replicates and / or multipte(relative humidities), fit each datum separately.
Average the equilibrium values for the replicates aftés found for each datum.

(d) Generally, given the reproducibility of experimental datazan 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 offsetiby k. Determining the displacement between
the fit and the experiment will yieltbg k.

(a) Givensanduw,,/2mr¢>Nc*, use either use a spreadsheet to calcuslatef (72) across arange éfg (72)
for the giveng or use the set of tabulated time dependeiit) values given in Section 8 or use the Figure
as the base. Make a plot of the spread sheet values(6f/ [27r7(?Nc*| = w (t) / [2e£c*] versus
log k + log t for the appropriate.

(b) Similarly, plot the experimental data as(t) / [277(2Nc*| = w (t) / [2e£¢*] versuslog t over the exper-
imentally accessible range.

(c) Ifthe s 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, addg k until the experimental and model curves superimpose.
Successively approximate valuefof> 0 to find the overlap and.

i. Itisbesttofitthe limitingw.,/ [27r¢* Nc*| and one or more points on the rising portionwoft) / [2rr(*Nc*|.
Fit of w (t) / [27r¢2Nc*] roughly between initial and,/ [27r¢?Nc*] is best.

ii. A spreadsheet is an efficient means to estintate

(e) From the time dependent datais determined.

3. From equilibrium dataj is found. If time dependent data are fitis found.
(a) Giveng = ¢\/k/D andk, 3?/k = ¢%/D.

(b) Givens, D is found asD = k [6/6}2. FromD, the matrix (gas, liquid, clathrate, solid) in the pore can be
considered.

6.2.1 Additional Notes

1. Even without time dependent data(t), 3 = ¢\/k/D can be determined frorw,., and eitherrr{>Nc* or

elex,
T

2. Equation 46 (w, = 27r(*Nc* 2 tanh {g} or equivalentlyw., = 2c£c*2 tanh {g]) can be simplified in the
limits of large and smalb.
(@) limg_. %tanh [g} — 1 andw., — 27r¢*Nc*. From Figure .4 and common mathematical approxi-
mations, this is appropriate for < 0.25.
(b) limg .o 2 tanh {%} — % andw,, — 4nr¢?Nc* /3 = 4nrfNc*\/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 increagg mith 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
B of 3 or 4 andlog k of -3.3 to -3.95, which is a good fit. Each fit was for 3 trials.

Dataare fitag = 2 x 10~* cm;r = 6 x 10~% cm;e = 0.9732 cm?/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 .1O,mmeiéc*a£/r]_1
is plotted againslogt.. For each trial, the equilibrium weight., was taken asv (¢) at 90 minutes, which allows
estimation of3 based on Equation 46 (y/ [277(>Nc*| = we,/ [2e£c*] = %tanh [g}). 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 condensationfis< 10~%/s.

For/ =2 x 10~* cm, this yieldsD = 1.3 x 10712 cm?/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.

80% RH: w(t) /(2c*porosityL/r; £=2um vs log t(s)

0.8 ® Triall
T 0.7
&EJ" 0.6 ¥ Trial2
¥
:.5_ gi _.“f'.ﬁ-:.i!" boEE
& 03 R cessaFithza:
;U.E & opk=-3.3
3 04
0
2 2.5 3 3.5 4 4.5 5
log t(s)

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 fér= 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 .11w\m¢2e*g€/r]’l
is plotted againstogt.. Trial 2 lags the other two trials but comes to the same equilibrium weight by 90 minutes.
For each trial, the equilibrium weight., was taken asv (¢t) at 90 minutes angs estimated from Equation 46

(Weq/ [272NC*] = weq/ [2e4c*] = %tanh [g}). The estimates are shown in Table 3.
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Table S1.2; Fit of 80 % RH Data by Estimation &f

Trial  weq/ [25%0*]@) B %tanh g
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
Forg =4

logk =—-343  k=5x10"%/s
(=2x10"%cm D =13x10"12cm/s
(a) Taken fromw (3400 s);

The 60% RH data are fit b§ = 3 andlog k = —3.4. Then, the first order rate of condensationtisc 10~*/s. For
¢ =2 x 10~* cm, this yieldsD = 1.7 x 1072 cnm?/s.

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

60% RH: w(t) /(2c*porosity/r; £=2um vs log t(s)

0.8 ® Triall
0.7
= 0.6 XL Ko Tralz
= 0.5 Lol
'g ' i - # & Trial 3
= (0.4 3=
O ..
;"S 0.3 I X sewnelit h=3:
N g2 E ogk=-3.4
iy
= 0.1 ;5
E]
0
2 2.5 3 3.5 il 4.5 5
log t(s)

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 .12y \hé2e*c//r] ™"

is plotted againstog .. 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 weighto., was taken a (t) at 90 minutes is estimated from Equation 46 (y/ [277(*Nc*| =
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Table SI.3:; Fit of 60 % RH Data by Estimation &f

Trial  weq/ [25%0*}(@ 8 %tanh g
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
Forg =3
logk = —3.4 k=4x10"%/s

(=2x10"%cm D =17x10"12cm/s
(a) Taken fromw (3400 s);

Weq/ [2eLc*] = %tanh [g})

The 45% RH data where equilibrium weight is taken at 90 minutes are fit by 4 andlogk = —3.7. The
estimates are shown in Table 4. The first order rate of condensatixis0~*/s. For/ = 2 x 10~* cm, this yields
D =5 x 10713 cnm?/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 for3 = 3 andlog k = —3.95. The first order rate of condensationis< 10~4/s. For/ = 2 x 10~*
cm, this yieldsD = 4 x 10~3 cm?/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 valug ahdlog .

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 Sl1.4: Fit of 45 % RH Data by Estimation bfvhere equilbrium is taken at 90 minutes.

Trial  weq/ [25%0*]((1) B %tanh g
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
Forpg =4
logk = —3.7 k=2x10"%/s

(=2x10"*cm D=5x10"13cm?/s
(a) Taken fromw (3400 s);
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A45% RH: w(t) /(2c*porosity@/r; E=2umvslogt(s) | e Trial
0.8 %  Trial?
é 0.7
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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 fos = 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) / [2nr?Nc*| = w (t) / [2eX¢*] with
log7> = logk + logt for Selected 3

Spreadsheet values for the time evolutionuoft) / [2rr(>Nc*] = w (t) / [2e£¢*] as a function ofr? = kt and
log 72 = logk + log t are provided for 0.001<beta < 5.
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30% RH:w(t) /(2c*porosityl/r; £=2um ) vslog t(s)
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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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w(t)[2¢(e/r)c] = w(t)[2¢(e/r)c] = w(t)[2e(eir)cr] =
wit)/[2mré*Nc*] wit)/[2mre*Nc*] wit)/[2mre*Nec*]

p Tzkt logk+logt p 7=kt logk+logt p =kt logk+logt

0.001 0.07902 2.5E-08 -8.602 0.2 0.07a02 0.0001 -4.000 0.5 0.07800 0.000825 -3.204
0.19428 1E-08 -8.000 0.19485 0.0004 -3.388 0.12478 0.0025 -2.602
0.31200 225E-08 -T648 031188 00008 -3.046 031134 00056256 -2.250
042915 4E-08 -T7.398 042830 00016 -2.736 0427860 001 -2.000
0 54460 G.25E-08  -T7.204 0.54411 00025 -2.602 0.54150 0015626 -1.806
0.65309 9E-08  -T.045 0.65228 0.0036 -2.444 0.64805 0.0225 -1.648
0.74830 1.23E-07 6912 074700 0.0049 -2.310 0.74079 0.030825 -1.514
0.82617 1.6E-07 -6.798 0.82452 0.0064 -2.184 0.81597 0.04 -1.398
0 BAAT2 203E-07 G684 0.AR3E5 0.0081 -2.082 087281 00306256 -1.296
0.82848 2 5E-Q7 6602 092803 001 -2.000 091334 008256 -1.204
095741 J03E-07 G518 095464 00121 -1.917 094035 0073625 -1.121
0.897585 3.6E07T 5444 097284 0.0144 -1.842 095734 0.09 -1.046
0.98697 4.23E-07 -6.374 098379 0.0189 -1.772 0.96743 0.1058825 -0.976
0.99331 4907 6310 0.99001 0.0188 -1.708 0.97300 0.1225 -D.912
0.99673 2.63E-07 -6.250 099336 00225 -1.648 0.97800 0.140825 -0.852
0.89848 64E-07 6194 099507 00256 -1.582 097780 016 -0.786
0.99933 7.23E-07  -6.141 099589 0.0289 -1.539 097831 0.180825 -0.743
0.99972 8.1E-07  -6.092 0.99827 0.0324 -1.488 0.97864 0.2025 -0.694
0.69938 8.03E-07 -6.045 0.99644 0.0361 -1.442 097877 0.225625 -D.647
0.99995 0.000001  -5.000 0.99551 0.04 -1.388 097883 0.25 -0.602

0.01 0.07902 2.5E-07 -6.602 0.3 0.07902 0.000225 -3.648 0.6 0.07899 0.0009 -3.046
0.19428 0.000001 -6.000 0.19481 0.0002 -3.048 0.18471 0.0036 -2.444
0.31200 225E-068 -5648 031176 0.002025 -2.684 031106 00081 -2.082
042915 0.000004 -5398 042858 00036 -2.444 042692 00144 -1.842
0 54460 6.25E-06 -5.204 0.54351 0.005625 -2.250 0.54027 00226 -1.648
0.65309 0.000003 -5.045 0.65127 0.0081 -2.082 0.564585 0.0324 -1.480
0.74830 1.23E-05 4912 0.74558 0.017025 -1.958 0.73782 0.0441 -1.356
0.82616 0.000016  -4.796 0.82247 0.0144 -1.842 0.811585 0.0576 -1.240
0.88572 2.03E-03 -4.694 0.68107 0.018225 -1.738 0.868736 00729 1137
0.82848 0.000025 -4 602 0.92288 0.0225 -1.648 0.90883 009 -1.048
0.85740 3.03E03 -43518 095120 0027225 -1.565 083303 0.1089 -D.883
0.87584 0.000038 -4 444 096810 00324 -1.488 094842 01286 -0.887
0.98696 423E-08 4374 097934 0038025 -1.420 095809 0.1521 -0.818
0.99330 0.000043 -4.310 098532 0.0441 -1.358 0.96447 01784 -0.754
0.99672 2.63E-05 4250 0.98919 0.050825 -1.296 0.96731 0.2025 -0.694
0.89847 0.0000684 -4.194 0.99084 Q.0578 -1.240 098872 0.2304 .0DB3B
0.89932 7.23E-05 4141 0.99164 0.065025 -1.187 0.96838 02801 -D.3B5
0.99971 0.000081 -4.092 0.99201 0.0728 1137 0.96968 0.2916 -0.535
0.99988 9.03E-05 -4.045 0.99217 0.081225 -1.080 0.96980 0.3249 -0D.4BE
0.59995 0.0001 =4 000 0.99223 0.08 -1.048 (.98285 0.36 -0.444

0.1 0.07202 0.000025 -4602 0.4 0.07301 0.0004 -3.388 0.7 0.073B8 g.0o01225 -2.812
0.19297 0.0001 -4.000 0.19486 0.0016 -2.796 0.13461 0.0049 -2.310
0.31197 0.000225 -3648 0.31158 0.0038 -2.444 0.31072 0.011025 -1.85B
0.42908 00004 -3398 042816 00064 -2.184 042612 pa186 -1.708
0.54448 0.000625 -3.204 0.54267 0.01 -2.000 0.53872 0.030825 -1.514
065288 00008 -3.046 0.642886 0.0144 -1.842 064327 0.0441 -1.358
0.74800 0.001225 2912 0.74348 0.0186 -1.708 0.73370 0.080025 -1.222
0.B2573 00018 -2798 0.61961 0.0238 -1.582 0.80838 0.0784 -1.108
0.88520 0.002025 2604 087748 00324 -1.488 0.88083 0088226 1.003
0.92787 00025 -2.602 091874 0.04 -1.398 0.89924 0.1225 -0.912
025671 0.003025 -2518 0.94642 0.04834 -1.315 092453 0.148225 -0.82B
0.97510 00036 -2.444 0.96332 0.0576 -1.240 0.94023 0.1764 -0.754
0.88617 0.004225 2374 0.97437 g.oeve -1.170 0.94342 0.207025 -D.BB4
0.89248 00048 -2.310 098026 00784 -1.106 095450 02401 -0.620
0.99588 0.005625 -2.250 098341 0.09 -1.046 0.95715 0.275625 -0.5680
059762 000684 -2.194 098300 0.1024 -0.980 0.93848 0.3136 -0.304
0.99847 0007225 2141 0.93576 01156 -0.937 0.95907 0.354025 -0.451
0.99585 0.0081 -2.092 0.98811 0.1286 -0.887 0.93833 0.3289 -0.401
0.89902 0.000025 2045 098625 01444 -0.840 095845 04422256 -0.354
0.99909 0.01  -2.000 0.98632 016 -0.796 0.95840 0.49 -0.310

Figure SI.14: Tabulated Values of(t) / [2rr(?Nc*] = w (t) / [2e£¢*] with 72 = kt andlog 7% = log k + log ¢ for
0.001 < 3 < 0.7. For each value, the equilibrium valuewf(t) / [2nr(>Nc*] = w (t) / [2e£c*] to three significant

figures is marked in bold.
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wit)i[2e(eme*] = witi[2&(€ir)c*] = wit)/[2e(&/r)c¥] =
wit)/[2mrezNc#] w(tl/[2nreNe*] wit)[2mrézNe]
B =kt logk+lagt P “=kt logk+logt p “=kt logkt+logt
0.3 0.07897 0.0016 -2.796 2 0.07866 0.01 -2.000 [ 0.07681 0.0625 -1.204
0.19449 0.0064 -2,194 0.19195 0.04 -1.398 0.17715 0.25 -0.602
0.31033 0.0144 -1.842 0.30179 0.09 -1.046 0.25623 0.5625 -0.250
0.42519 0.0256 -1.592 0.40537 0.16 -0.796 0.31087 1 0.000
0.53695 0.04 -1.398 0.49963 0.25 -0.602 0.34374 1.5625 0.194
0.64032 0.0576 -1.240 0.57985 0.36 -0.444 0.36044 225 0352
0.72932 0.0784 -1.108 0.84236 0.49 -0.310 0.36746 3.0825 0.488
0.80051 0.1024 -0.990 0.68686 0.64 -0.194 0.36089 4 0.602
0.85359 0.1206 -0.887 0.71591 0.81 -0.002 0.37059 50625 0.704
0.88064 0.16 -0.796 0.73336 1 0.000 0.37075 B.25 0.798
0914894 0.1936 -0.713 0.74305 121 0.083 0.37079 7.5625 D0.879
0.92086 0.2304 0638 0.74801 144 0.158 0.37079 8 0.954
0.93853 0.2704 -0.588 0.75037 169 0228 0.37079 10.5625 1.024
0.94327 0.3136 -0.504 0.75141 1.96 0.292 0.3707% 12,25 1.088
0.94572 036 -044a 0.75184 2.25 0.352 0.37079 14.0625 1.148
0.94692 0.4096 -0.388 0.75200 256 0.408 0.37078 16 1.204
0.94747 0.4824 0335 0.75206 2.89 0461 0.37079 18.0625 1.257
0.94771 0.5184 -0.285 0.75208 324 0511 0.37079 2025 1.306
0.94781 0.5776 -0.238 0.75208 3.61 0558 0.37079 22,5625 1.353
0.94785 064 -0.194 0.75208 4 0.602 0.37079 25 1.398
0.9 0.07835  0.002025 -2.694 3 0.07822 0.0225 -1.648
0.19436 0.0081 -2.082 0.18825 0.09 -1.046
0.30089  0.018225 -1739 0.25878 0.2025 -0.694
0.42415 0.0324 -1.489 0.37864 0.36 -0.444
053485  0.050625 -1.296 0.45186 0.5625 -0.250
0.6370D 00729 -1.137 0.50694 0.81 -0.092
072442  0.009225 -1.003 0.54395 1.1025 0.042
0.79383 0.1296 -0.887 0.56612 144 0158
0.84542  0.164025 -0.785 0.57800 18225 0.261
0.88108 0.2025 -0.694 0.58372 2.25 0.352
0.90425 245025 -0.611 0.58620 27225 0435
0.91839 0.2916 0535 0.58717 3.24 0511
0.92650  0.342225 -0.486 0.58751 3.8025 0.580
0.93080 0.3969 -0.401 0.58762 441 0.644
093314 0453825 -0.341 0.58765 5.0625 0.704
0.93422 0.5184 -0.285 0.58756 576 0.760
093471  0.585225 -0.233 0.58T&6 £.5025 0813
0.93482 06561 -0.183 0.58766 7.29 0.B63
083501  0.731025 -0.136 0.58786 81225 0810
0.93504 081 -0.002 0.58756 9  0.054
1 0.07893 0.0025 -2.602 4 0.07780 0.04 -1.398
0.19422 0.01 -2.000 0.18327 0.16 -0.796
0.30939 0.0225 -1.648 0.27424 0.36 -0.444
0.42299 0.04 -1.398 0.34601 064 -0194
0.53273 0.0625 -1.204 0.39752 1 0.000
0.63332 0.08 -1.046 0.43014 144 0158
0.71904 01225 -0.912 0.44798 198 0292
0.78670 016 -0.796 0.45837 2.56 0.408
0.33648 0.2025 -0.694 0.4587¢ 324 0511
0.37064 0.25 -D.602 0.46100 4 0.B02
0.89263 0.3025 -0.519 0.46137 484 0685
0.90591 0.36 -0.444 0.46147 576 0760
0.91345 0.4225 0.374 0.46150 676 0830
0.91748 0.49 0310 0.46150 7.84  0.894
0.91951 0.5625 -0.250 0.46150 9 0.954
0.92048 0.64 -0.194 0.46150 10.24  1.010
0.92001 0.7225 0141 0.46150 11.56  1.063
0.92109 0.81 -0.002 0.46150 12.96  1.113
0.92116 0.9025 -0.045 0.46150 14.44  1.160
0.92119 1 0.000 0.46150 16 1.204

Figure SI.15: Tabulated Values of(t) / [2r7¢>N¢*] = w (t) / [2e£¢*] with 72 = kt andlog 72 = log k + log t for
0.8 < B < 5. For each value, the equilibrium value of(t) / [2rr(>Nc*] = w(t) / [2e£c*] to three significant

figures is marked in bold. Fgt = 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.®

beta 0.005
sure(bar) #H20/uc model
0.0072 1.5  1.499996875
0.0093 3.1 5.099989375
0.0104 6.4  6.399986667
0.0124 9.4 9.399980417
0.0143 14.8  14.79996917
0.0164 19 18.99996042
0.0183 20.2  20.19995792
0.0204 20,7 20.699956088
0.0222 20.85  20.84995656
0.0244 21 20.99995625
0.0263 21 20.99995625
0.0282 21.09  21.08995606
0.0303 21.1  21.09995604
0.0322 21.15  21.14995594
0.0343 20,9 20.89995646
0.036 21.1  21.09995604
0.999997917 1]
7.50165E-17 1.34065E-15
1 2.00104E-15
1.77699E+32 14
711.536129 5.60584E-29

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

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

Weq = 4nrl*Nc* % tanh >
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 #H>O/unit cell =

(0.999998 +/- 0) P + (0 +/- 1e-15) for B = 0.005.
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Figure S1.17. Experimental water uptake for MIL-53 (red circles) compared to fit from
the model (blue open circles).

3) The fit superimposes for all B <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) Forany B <0.25 (see SI), tanh(B/2)—B/2 and the adsorption curve (as above) is
independent of the value of B, where B = I[k/D]%®. For small B, 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 g = I[k/D]%° 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.

SI: Diffusion selectivity of water within metal-organic nanotubes — Jayasinghe, Payne, Unruh, Johns, Leddy, Forbes



10. Solvent VVapor Sorption Experiments

10.1 Evolved gas analysis

% Transmittance

1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm"}

Figure S1.18: 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'* 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 NHs vapor indicated that crystals are
stable up to 15 minutes exposure to NHs vapor, but begin to transform after 30 minutes (Figure SI.17).
Additional peaks appear in the diffractogram at 7 and 13 °26 and continue to increase in intensity after one
hour of exposure. A secondary transformation occurs after two hours, where the peak at 7 © 26 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 S1.17: Powder X-ray diffractograms were collected of the UMON material after exposure to NHs
vapor at different time intervals and indicate degradation of starting material.

We previously observed that when UMON crystals were added to NHs in methanol dissolution
occurred immediately and then quickly precipitated as a secondary phase.” 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 NH; 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 NHz 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.® The structure may be charge balanced by an ammonium
cation, which could be formed by proton abstraction from doubly protonated IDA linker by NHs 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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