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Molecular valves actuated by intermolecular forces
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Phase behavior in nanostructured thin films under a gradient in chemical potential is studied via kinetic
Monte Carlo simulation. Switching between saturated, partially saturated, and unsaturated states drives pre-
cipitous changes in permeation. This phenomenon could render nanostructured thin films as molecular valves,
where adsorbate-adsorbate forces actuate the flow of molecules.
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Rationally controlling phase transitions in ordered porousng sites. These microscopic processes are selected with tran-
substrates holds unprecedented potential for molecular sepsition probabilities per unit time of ,44=k,P(1-6,) and
rations, chemical sensing, and nanoscale materials templafyeg =ky;fiexd —B(|AHg;|+ 2y nk-idkb)] for adsorption
ing applications. The current drive towards nanotechnologyand desorption, respectively. Helg, is the adsorption rate
e.g.,[1,2], turns the focus for such applications to crystalline constantP is the gas pressuré, is the local order parameter
nanostructured materials.g., zeolites, metal organic frame- of sitei (0 or 1 for an empty or occupied site, respectiyely
works (MOFs), etc], having pore sizes approaching molecu-k, is the zero-coverage frequency of desorptigr,(kT) "t is
lar dimensions. The small diameter of nanopores, howevegng jinverse thermal energyH?, is the zero-coverage heat of
cannot support the common capillary condensati@  adsorption on sité, J, is the adsorbate-adsorbate intermo-
mechanism responsible for phase transitions in mesoporoygcylar potential, andN is the set of binding sites falling
materials. Yet, experimental studies have identified adsorbatg;thin the potential cutoff radiug, ., of sitei. For proof of
phase transitions within such materials under certain condigoncept, we consider diffusion akp)ng one-dimensional pores
tions [4-8] and suggestefb] that such phase behavior oc- yia Arrhenius dynamicg15] in the presence of attractive

curs as the adsorbed phase transitions from a fluidlike to #st- and second-nearest-neighbor adsorbate-adsorbate
solidlike state. Complementary theoretical studi@s13|  nteractions with a transiton probability T

conclude that equilibrium phase transitions within nanostruc= Kinigii 61€XH—B(Uojj + Sicanirid B 1EZ 1 (1-6). Here,
tured materials derive from correlation effects induced bykmigij’and U, are the zeré-coverage frequency and site-to-
short-range and long-rangiee., spanning neighboring pores jia"activation energy of migration, respectively, and the
or supercagesadsorbate-adsorbate interactions. The devely,mmation extends over all possible neighboring sites up to
opment of thin, nanostructured films with preferred orientae ¢oordination numbet. We employ a 3D, piecewise con-
tion, e.g.,[14], has spawned a large body of research intogynt potential J={Jo/N, 1= [r=r'|<L,;0,[r=r'| > L}, to

membrane applications. Yet, these membrane studies hayR g ribe interactions between molecules at positio@sdr
typically focused on system conditions far from critical

. within L. Both interpore and intrapore adsorbate-adsorbate
points. . . he behavi fi . q forces within the cutoff radius are included.
Here, we investigate the behavior of interacting adsor- \ye employ natural parameter continuation to predict flux

bates in nanostructured thin films under a gradient in chemiénd average loadingspatial or spatiotemporal average @f
cal potential near system criticality. Confined diffusion Of_for transient or steady-state simulations, respectjvéty

strongly adsorbing molecules in nanostructured systems ig:. fiims of varying thickness. Hereaftea=2 nm is as-

often governed by rare-event dynamics. Kinetic Monte Carlagyeq, and films of varying thickness are employed. KMC
(KMC) is an ideal technique for simulating such systems.;., jations trace solution branches by initializing the lattice

Here, we employ a thre'e-dimensior(.al':))' cubic lattice 9as 4t gach new temperature with the final lattice occupancies
representation of potential energy minirti@., binding sites ., the previous temperature. We discard the firdt T

of the film. The film is terminated at parallel planése.,  gons(a step is equal to the number of sites each KMC
boundaries separated by lattice units of distance, yield- g jation, and collect statistics for an additional 10C
ing a film thickness oL.=na. Periodic boundary conditions g Below, we refer to discontinuous changes in loading

are imposed in the directions parallel to the film boundariesover a small~1 K) change in temperature interchangeably
and the film is contacted with two constant but dn’“ferentas “transition” or “turning point” temperatures.

chemical potential gas reservoirs to perform nonequilibrium A : - : . : P
i ) . . ! nalysis reveals interesting behavior depicted in Fig.
KMC calculations. Details of gradient KMC simulations are 1(a). For the thinnest film¢L=8 and 16 nm a precipitous

outlined in[15] i increase in flux over several orders of magnitude is observed
Exc_hange of .molecules betwegn the gas and th.e f'lm. 0CL]pon heating the system, concomitant with a similarly pre-

curs via adsorption to and desorption from the terminal bmd-Cipitous decrease in spatiotemporal average loading depicted
in Fig. 1(b). This nearly reversible phenomenon, occurring as

the transition temperature, clearly shows that phase transi-

*Corresponding author. Email address: vlachos@che.udel.edu tions within nanostructured materials do persist under gradi-
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204 pane) shifted vertically for clarity at constant temperatures. Nor-
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actions are diminished and molecules diffuse readily through
00 the film. With increasing time, strong attractive forces span-

500 510 530 ning nearest- and next-nearest-neighboring pores facilitate
Temperature [K] nucleation of 3D molecular clustefdark molecules in inset
. ) t,) near the high-pressure side of the film. Growth of these
FIG. 1. (Color onling Flux (a) and spatiotemporal average load- clusters, depicted in insds, arises as they trap molecules
ing (l_:)) in _nanostru_ctured fiIm_s of indicated thickness under a smalk.q 1, the high-pressure reservoir. Finally, phase transition
9fad'e”},_'” chemical pOte_m'a(I?PjS'l kPa Prign=6.7 kPa 5, proceeds through rapid propagation of the high-density phase
=4, AHZ=-32.0 k)/mol ky=10"s ™, k, calculated via kinetic towards the low-pressure side of the filam behavior that is

theory with unity sticking coefficient,=32 kJ/mol, andkyg;; - . . . i
=5.1X 10'? s7%). Insets show constant temperature snapshots of heeminiscent of a traveling waygeffectively closing the ma

L=16 nm film at increasing times depicted as filled squares Iabele!]orlty of dlfoSIOI‘_l pathways(msetp‘)' The resultis a. sudden,
t, throught, in panel(b). orders-of-magnitude decrease in the flux. In this saturated

state, permeation occurs only through rare diffusion of mol-
ents in chemical potential. However, the apparent annihilaecules able to escape from the high-density clusters due to
tion or narrowing of metastable regions in comparison tothe single file diffusion natur¢l16,17 of permeation. Yet,
hysteresis loops observed under equilibrium conditi@ma-  this behavior also persists in KMC simulatiofrsot shown
lyzed latey reveals behavior characteristic of gradient-drivenof 3D diffusion, emphasizing the generality of the observed
phase transitions. phenomenon. Below the transition temperature, the film is
The resulting temperature resolution of the transition temaimost fully saturatedno corresponding snapshot
perature, just £1 K, is striking given the small-sized systems For thicker (L=52 nm) films, a phase behavior is ob-
modeled. KMC simulations at the transition temperatureégeryed with changing temperature where two distinct transi-
shown in Figs. &) and 2b), reveal temporal fluctuations in yjons occur between three different film saturation states. The
;h;tu?gag?ltr?geé?)?r%;giﬂmﬂgfogr:)hklggﬁirtyﬁngesﬁs?;;]efubr:r(g%dnaglow_temperature transition is marked by a substantial de-
crease in loading from a saturated to a partially saturated

(PDPF depicted in the right-hand portion of Figs(a2 and . . X
2(b) clearly shows the two distinct states accessed. This sonpiate and more than an order—of-magmtud:a |Tcre?se in flux
with a small changé~2 K) in temperaturg“off” to “par-

off” of permeation or “opening” and “closing” of flux effec- . p . . :
tively renders thin nanostructured films as molecular valvedially on” operation. A gradual change in properties occurs
capable of actuating molecular flow channels. upon further increase of temperature up to the high-

Representative snapshots of sufficiently thin films duringt€mperature transitioffpartially on” to “on” operation. The
a transition from an unsaturated state to a saturated state dtgh-temperature transition exhibits the features of thinner
shown as insets for increasing timgsthrought, in Fig. 1 ~ membranes between two distinct partially saturated and un-
corresponding to the solid square symbols in Fi@).1Small ~ saturated states, as shown in Figc)2and a concomitant
gray points represent vacant binding sites along the onesrder-of-magnitude change in flux.
dimensional pores passing horizontally from left contact The low-temperature transition in thicker membranes ex-
with the high-pressure reservpio right (in contact with the  hibits interesting dynamics. Figure 3 shows three steady-
low-pressure reservoir Molecules are depicted as large state coverage profiles depicting saturatedlid symbols,
spheres. Mobile molecules are shaded light gray, whereasnsaturatedopen symbols and partially saturatetprofiles
clusters of molecules are shaded dark gray. with no symbol$ thin film states. The first two are charac-
At short times, the film is unsaturatéitisett;). This state teristic of thinner membranes discussed above, whereas the
is representative of high-temperature conditions, where interpartially saturated one is a state found in thicker membranes
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FIG. 4. (Color onling Comparison of equilibrium loadings in
films of finite thicknessL, indicated for pressures corresponding to
the low- (filled symbolg and high-(open symbolspressure reser-
voirs of the simulations in Fig. 1.

FIG. 3. (Color onling Steady-state axial loading profiles for the
L=52-nm-thick film at various temperatures. Insets depict snap
shots during about half the period of oscillations.

only. The snapshots, shown in Fig. 3, depict oscillations durSensitivity analysisnot shown of the transition tempera-
ing roughly half a period at the low-temperature transition oftures with respect to the interaction strength showed that the
a traveling-wave-like filling and partial emptying of the transition temperature is reduced with decreasing interaction
membrane. strength with a relatively high sensitivity ranging from 5 to
Insight into the finite-size effects shown in Figs. 1-3 is45 K/(kcal moll). At large interaction strengths, slightly ir-
obtained by studying the temperature dependence of locabversible valves develop, with stronger actuation leading to
equilibrium (LE) at the boundaries, following the criterion even more dramatic changes in the flux.
proposed irf 18]. Qualitatively, LE is achieved when adsorp-  Harnessing the sensitivity of this phenomenon requires an
tion and desorption rates are fast compared to diffusiomunderstanding of viable transition temperatures and design of
within the film. LE at both boundaries implies that the two compatibility between target molecules and materials. In a
boundaries are practically decoupled. For thinner fileg.,  forthcoming communicatiof19], we employ a hierarchical
L=8 and 16 nm LE persists only at the high-pressure mesoscopic approach to explore how changes in host-guest
boundary as temperature increases from low values. At thproperties can lead to different transition temperatures. This
transition temperature, deviations from LE even at the highis further evidenced in the work dfl0-12, who studied
pressure boundary result in a collective transition of the enequilibrium systems defined by weak and strong adsorbate-
tire film to the unsaturated state. The dual transition observedubstrate interactions and observed an order-of-magnitude
in thicker films(L=52 nm could be likewise explained. At difference in critical temperatures. From a materials perspec-
the low-temperature transition, LE holds at both boundariesive, experimental evidendd,5] has shown that phase tran-
implying decoupling of the boundaries in thicker systems.sitions are facilitated by agreement between adsorbate mo-
Thus, the first transition affects only the low-pressure side ofecular dimensions and binding site spacing. The host of
the film. The partial emptying renders the effective, saturate@vailable nanostructured materials offers a means to accom-
thickness of a thicker membrane comparable to that of thiplish this task. As an example, cation content in zeolites
membranes at their single transiti@mpare Figs. 1 and)3  could conceivably be employed to tune binding sites for con-
Consequently, the behavige.g., LE and dynamigsat the trol of lattice dimension compatibility and heats of adsorp-
high-temperature transition is similar to that of thinner mem-tion, evidenced by experimen{$,7] showing the depen-
branes. dency of equilibrium phase transitions upon cation content.
Equilibrium phase envelopes are shown in Fig. 4 for finiteMOFs [20], shown recently to yield equilibrium hysteresis
thickness films in contact with gas reservoirs of identicalloops of interest for hydrogen storage applicatip2f offer
chemical potential at both sides. Here, the pressures am@another possibility. In addition, a novel “gate” phenomenon
equivalent to the highlopen symbols and low pressures identified for the titanosilicalite ET$21] is an interesting
(closed symbolsof the system considered previously. Simi- case in which a structural phase transition occurs with chang-
lar to the gradient systems, finite-size effects are manifesteithg temperature. The gate transition, which is mathematically
in the shrinking and shifting of the phase envelopes to lowecongruous with the molecular valve phenomenon observed
temperatures for thinner systems. The existence of hysteredigre for the adsorbed phase, presents an additional means for
loops under equilibrium condition@=ig. 4), however, is in  tuning substrate properties. Moreover, the combination of the
striking contrast to the apparent narrowing or absence ofgate” and “valve” phenomena has potential applications for
metastability observed for the forced systems studied abovesmart” host-guest systems.
(Fig. 1. Conceivable application of the molecular valve phenom-
Here we have a simple potential, yet the molecular valveenon includes sensing of target molecules with nanostruc-
phenomenon should persist with more complex interactionsured films, rationally designe@.g., tuning of film thickness
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and system temperatyreased upon molecule-material com- driven by other external fielde.g., magnetic and electyic
patibility. Furthermore, the persistence of this phenomenowe have identified a behavior whereby metastability is re-
at the low pressures studied here is encouraging evidence gficed or annihilated under forced conditions for thin films.
its viability for low-concentration sensing. The “opened’ The aprupt phase change of adsorbates diffusing in nano-

“closed” meghd‘%][‘fism c%uld.alsfo be elmplpyed as a temperascryred thin films is accompanied by precipitous changes
ture actuated diffusion barrier for applications reminiscent ofy;'g .. “iving rise to an “on/off" permeation behavior remi-

hydrocarbon trapping presented 22]. In particular, a nano- . ; L .
structured material in a saturated state could be designed f 'lsceqt of mechanlgal v'alve's. Finite-size effects S.h'ft phase
temperature-sensitive release or containment of a secorifnavior, and give rise, in thicker nanostructured films, to an
adsorbing/diffusing species. Such applications would requir@dditional phase transition between saturated and partially
the as yet unexplored understanding of the effect of multisaturated states with traveling-wave-like oscillations between
component diffusion upon the molecular valve phenomenonthem associated with partial emptying and filling of the film.
In summary, we have illustrated the persistence of phase ) )
transitions in thin nanostructured films under chemical po-_ 1N research was partially supported by NSF through

tential gradients with conceivable generality to system<>rants No. ITR-0219211 and No. CTS-0343757.
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