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Abstract: In this contribution, we demonstrate that a material (organic zeolite mimetic coordination polymer
[CuLy], where L= L~ = CRRCOCHCOC(OCH)(CHz),) can be endowed with its functionality in situ under
molecular-level control. This process involves the isomerization of the ligands followed by phase interconversion
from a dense to an open, porous form. The porg)dqrm of the complex reveals zeolite-like behavior but,
unlike zeolites and many other hard porous frameworks, porosity may be created or destroyed at will by the
application of suitable external stimuli. Contact with methylene chloride vapor was used to switch on the
sorbent functionality, whereas switching off was accomplished with a temperature pulse. The transformations
between functionally inactive and actives forms, as well as the amount of vacant pore space, were monitored

in situ by observing the NMR spectrum of hyperpolarized (HP) Xe atom probes. For methylene chloride, the
chemical shift of the coabsorbed HP Xe correlated directly with the amount of adsorbate in the pore system
of the open framework, illustrating the use of HP Xe for following sorption kinetics. The adsorption of propane,
as an inert adsorbate, was also monitored directly WitHNMR, with HP Xe and by BET measurements,
revealing more complex behavior.

Introduction However, today another emerging concept for the design of
the next generation of materials is where external stimuli cause
an intentional response in the functional properties of the
aterial. Such “smart materiafspossess structural elements
at will allow a rearrangement or transformation in structure,
elements that may be built into soft materials rather more easily
than into the hard microporous frameworks that are destroyed
irreversibly upon conversion to a dense form. The robustness
of a framework then becomes a variable design element rather

The importance of microporous solids such as zedlixes!
zeosilg in processes such as separation, purification, catalysis,
stereoselective synthesis, the preservation of unstable or unusug
chemical species, etc. is presently indisputdiicroporosity
is the fundamental and permanent property particular to this
general class of sorbents, with specific functional behavior
attributable to the topological and chemical characteristics of
the microporous framework. The great success in designing
novel zeolitic framewo.rks fqr scientific and te(_:hn0|09lcal (4) Zeolite mimics based on metal complexes: (a) Allison, S. A.; Barrer,
purposes has resulted in their thorough exploration thus alsor M. 3. Chem. Soc. A969 1717-1723. (b) Lipkowski, J. Innclusion
revealing some of the limitations of the covalently bonded, hard Compounds Atwood, J. L., Davies, J. E. D., MacNicol, D. D., Eds,;

zeolite frameworks. “Soft” microporous frameworks, based on Academic: London, 1984; Vol. 1, Chapter 3, pp-5B03 (especially pp
h blv of . F ic buildina blocks. h 62, 71, 73, 75, 7880, 92, and 93 and refs 32, 33, and 61 therein). (c)
the assembly of organic or metal-organic building blocks, have vaghi ‘0. M.; Li, G.; Li, H. Nature 1995 378 703-706. (d) Venkataraman,

considerable advantages for purposes of design, as there is ®@.; Gardner, G. B.; Lee, S.; Moore, J. & Am. Chem. S0d995 117,
near-infinite variability in the building blocks that can be used i_ltGOO—llﬁglA (e) KOfédhO. M-:I\QOSSSOVEI, '1[395765'6 Kiegﬂsﬁtls%gk%H-:
f S4B ; : itagawa, S.Angew. em., Int. . Eng , 95, .

to assemble zeolite mimics® The synthesis of such materials 202" S kondo, MBull. Chem. Soc. Jpri998 71, 1739-1753. (g)

is similar to that of zeolites in that it also involves templating Kepert, C. J.; Rosseinsky, M. Chem. Commun1999 375-376. (h)
species around which the framework crystallizes or assemblesSawaki, T.; Aoyama, YJ. Am. Chem. S0d.999 121, 4793-4798. (i) Li,

to generate void space. Today, popular design features include:; Eddaoudi, M.; O'Keeffe, M.; Yaghi, O. MNature 1999 402, 276~
large pore VO“{me_S, and sufficient robustness so tha_t the pore™ (5 zeolite mimics based on organic molecules: (a) Ibragimov, B. T.;
structure remains intact upon removal of the templating guest Talipov, S. A.; Aripov, T. F.J. Inclusion Phenoml994 17, 317—324. (b)

species. The net aim of such design is thus again the attainmeng”% AJ- &%Giéi‘gﬁwég&g%;hl"% %%fg_”gfseé’ '2’(':) Lé;anaQC% '-g%gﬁig'
. . . .C.J. Am. . , . unet, P.; Si ,
of permanent pore space with a designed functional topology M.; Wuest, J. DJ. Am. Chem. S0d997, 119, 2737-2738. (d) Russel, V.

and chemistry. A, Evans, C. C.; Li, W.; Ward, M. DSciencel997, 276, 575-579.
(6) Partially crystalline and glassy organic polymers constitute another
* Address correspondence to this author. class of microporous solids mimicking zeolites: (a) Ichiraku, Y.; Stern, S.
TNRCC No. 43872. A.; Nakagawa, TJ. Membr. Sci1987, 34, 5—18. (b) Witchey-Lakshmanan,

(1) Barrer, R. M. InInclusion CompoundsAtwood, J. L., Davies, J. E. L. C.; Hopfenberg, H. B.; Chern, R. T. Membr. Sci199Q 48, 321—331.
D., MacNicol, D. D., Eds.; Academic: London, 1984; Vol. 1, Chapter 6, (c) Volkov, V. V. Polym. J.1991 23, 457-466. (d) Srinivasan, R.; Auvil,

pp 191-248. S. R.; Burban, P. MJ. Membr. Sci1994 86, 67—86. (e) llinitch, O. M.;
(2) Gies, H. InInclusion compoundsAtwood, J. L., Davies, J. E. D., Fenelonov, V. B.; Lapkin, A. A.; Okkel, L. G.; Terskikh, V. V.; Zamaraev,

MacNicol, D. D., Eds.; Oxford University Press, Oxford, 1991; Vol. 5, K. |. Microporous. Mesoporous Matef.999 31, 97—110. (f) Miller, S.

Chapter 1, pp +36. A.; Kim, E.; Gray, D. H.; Gin, D. L.Angew. Chem., Int. EdL999 38,
(3) Comprehensie Supramolecular Chemistrgupramolecular Technol- 3022-3026.

ogy, Vol. 10; Reinhoudt, D. N., Ed.; Pergamon: Oxford, 1996. (7) Newnham, R. EMater. Res. Soc. Bulll997, 22 (5), 20-34.
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than a feature to be maximized, and microporosity becomes a
programmable function. Suitable materials include those that
can exist in dense and open forms, preferably with relatively
easily controlled coordinates for the polymorphic transforma-
tions. Recentl§° we have described a new metal-organic
framework that demonstrated considerable robustness in the &<
absence of the templating guest and, at the same time, a
remarkable ability to convert from a dense to an open form in
a simple way.

In our endeavors to place this process under full control we
faced two principal problems. The first was to define ways of
simple, rapid, and reversible switching between open and dense
forms. The second was to find suitable methods to follow the
processes in situ at the molecular level. For nearly 20 years,
129e NMR has been used to probe materials for porosity, with
the chemical shift generally diagnostic of the pore system. :
Often, materials were studied by recording Xe spectra as a o

. ; - . trans (100%)
function of xenon pressure, with the extrapolated “zero pressure
chemical shift taken as characteristic of the framework. Over B—form
the last 10 years, developments in the optical polarization of Figure 1. Isomer distribution for the two polymorphs of [CHLThe
xenon have enhanced the sensitivity4Ke NMR spectroscopy  « form has both trans and cis isomer units (top) whereas iff fioem
remarkably:! Especially the development of a flow system for they are all trans (bottom).
the continuous production of low concentrations of hyperpo-
larized Xe that can be integrated into NMR probe technology all the units are trans configured (Figure 1). Tdno-3 switch
has great promise for the study of materials and procédses. thus involves not only a re-assembly of the complex units, but
With the use of recently developed NMR methods employing also a chemical, molecular-level change, as isomerization is not
the use of hyperpolarized xenon delivered to an NMR probe, possible without breaking CtO bonds'3
we present an example of a programmable sorbent, where a Our earlier experiments revealed two possible ways of
zeolite-like porous microstructure may be generated reversibly inducing isomerization. The firg? was a change catalyzed by
under complete control and with direct monitoring of the a variety of organic agents, where thform transforms tQ3

structure and microporosity. inclusions either in an atmosphere of the agent or upon wetting
with the agent. The process may take from hours to seédnds
Results and Discussion depending on the material used and the experimental conditions

(vapor pressure, temperature, and history of host material). The

MoIecuIar-LeveI_Coﬁnt_roI. From our previous worky the second way is complementary to the first, as it is very effective
[CuLy] complex (L= L~ = CRCOCHCOC(OCH)(CHg)2) has for the reversg-to-a. conversion. DSC measurements of the

a molecular structure with the Cu(ll) center chelated in the plane {5, (5 deg/min scan rate) revealed an exotherm with a
by two substltgteqﬁ-dlketpna'te ligands (Figure 1). There is also  aximum at 75°C, and the recovered heated sample turned
secondary, apical coordination of thé©CH; oxygens or-CFs out to be theo form. At temperatures 100°C the conversion

fluorines to the metal centers of neighboring molecules that ¢ rs practically instantaneously, thus satisfying the require-
results in a 3D polymeric assembly, taking on either the dense ants for process control.

o or openﬁ form. Only the latter has channels and is capable Sorption Properties of the § Form. The profile of the 1D

O.f sorbing guest species. I.n theform, _the assembl_y has both channel found previously for thé inclusion with benzerfeis

cis and trans isomers in 1.1 mole ratio, whereas infiierm shown in Figure 2. The procedure starts by calculating the
(8) Soldatov, D. V.; Ripmeester, J. A.; Shergina, S. I.; Sokolov, I. E.; diameter of the largest possible inscribed sphere that is in van

Zanina, A. S.; Gromilov, S. A.; Dyadin, Yu. Al. Am. Chem. S0d.999 der Waals contact with the channel walls at the unit cell edge.
121, 4179-4188. = The profile results when the calculation is carried out as a
185%)_ Soldatov, D. V.; Ripmeester, J. &hem. Mater200Q 12, 1827~ function of position along the channel axis. Note that the channel
(10) (a) lto, T.; Fraissard, J. Chem. Phys1982 76, 5225-5229. (b) is not actually cylindrical and thus it possesses more available
Eli_pmeei,teg JF-’ r'(‘;«l ANmM gfgeﬂ;-ctsrggggg 21%4}1 2519%123{?- (g) %aarfrtiee, P. E;1..; space for potential guest absorb_ates. Several typical guest
Cr']?r?gﬁa"' 5 ENMR Basig Brinciples Prog1994 3-0‘( 1)11_15? © molecules are shown in the same figure and on the same scale;
Ratcliffe, C. I. Ann. Rep. NMR Spectrost998 36, 123-221. the channel clearly is seen to allow free passage of the guests

(11) Raftery, D.; Long, H.; Meersmann, T.; Grandinetti, P. J.; Reven, along the channel through the structure. There are “necks”

L; Pines, A.Phys. Re. Lett. 1991 66, 584. (a) Pietrass, T.; Gaede, H. C.;  separating larger and smaller guest sites that alternate along the
Bifone, A.; Pines A.; Ripmeester J. . Am. Chem. S0d995,117, 7520.

(b) Pietrass, TMagn. Reson. Re 200q 17, 263-337. channel, and the filling of _each site, both large and ;mall, with
(12) (a) Haake, M.; Pines, A.; Reimer, J. A.; Seydoux,JRAmM. Chem. a guest molecule results in 1:2/3 host:guest stoichioniétry.
Soc1997 118 LT 1712, é?])eﬁafé%fgégi?1'\{'308’\;3%“3(23)’ & Fisher,  Figure 3 shows the isotherm obtained for methylene chloride

R.: Pines, A.. Haake, M. Reimer, J. & Phys. Chem. 8999103 X629.' adsorption into thgg form. The process is significant over the

(d) Moudrakovski, I. L.; Nossov, A.; Lang, S.; Breeze, S. R.; Ratcliffe, C. entire range of guest pressures, reachingde67 guest per host
I.; Simard, B.; Santyr, G.; Ripmeester, J.@hem. Mater200Q 12, 1181~

1183. (e) Moudrakovski, I. L.; Lang, S. L.; Ratcliffe, C. I.; Simard, B.; (13) Although isomerization was not used previously to obtain robust

Santyr, G.; Ripmeester, J. A. Magn. Reson200Q 144, 372-377. (f) microporous frameworks, other examples where an inclusion process is
Moudrakovski, I. L.; Sanchez, A.; Ratcliffe, C. |.; Ripmeester, JJAPhys. followed by the isomeration of a host molecule are available: (a)

Chem B 200Q 104, 7306-7310. (g) Sozzani, P.; Comotti, A.; Simonutti, Nassimbeni, L. R.; Niven, M. L.; Zemke, K. Acta Crystallogr.1986

R.; Meersmann, T.; Logan, J. W.; Pines, Angew. Chem., Int. E00Q B42, 453-461. (b) Lipkowski, J.; Kislykh, N. V.; Dyadin, Yu. A;

39, 2695. Sheludyakova, L. AZh. Strukt. Khim1999 40, 954-964.



In Situ Switching of Sorbent Functionality J. Am. Chem. Soc., Vol. 123, No. 15, 33&b

large small large
widening widening  widening

0 T T T T

0 50 100 150 Pg, mm Hg
Pg/x, mm Hg
300 -
200 A
propane n-pentane

100 -

Figure 2. Profile of the 1D channel iff-[CuL;] (see text), with a

segment shown consisting of two periods along the crystallographic

axis. The location of large and small guest sites and the groups forming 0 . . _ .

the channel walls are shown. Typical sorbate molecules (van der Waals

. . 0 50 100 150  Pg, mmHg
dimensions) are shown on the same scale.

Figure 3. The sorption isotherm (28C) of methylene chloride in

ratio that corresponds to 11.7 wt % of methylene chloride. The #-[CuL2] given in conventional (top) and Langmuir (bottom) coordi-

sorption is reversible, and is thus consistent with the ability of nates.x is the guest to host mole rati is the partial pressure of

| | h h the ch | with . methylene chloride guest (Torr). Dashes in the top figure trace the
guest molecules to pass through the channel without Serlousexpected limiting guest-to-host stoichiometry of 2/3 (each site filled

sterical problems (cf. Figure 2). The shape of the isotherm showsyith one guest molecule). Open circles indicate points obtained by
itto be Type | in Brunauer's classificatifrand is characteristic  approaching equilibrium from low guest pressures whereas solid circles
of solids containing microporé§.Enhanced sorption in mi- indicate those obtained in the reverse direction.

cropores causes a sharp rise of the isotherm before reaching a
plateau corresponding to saturation. That sorption is purely
physical is illustrated in the same figure (bottom) where the
isotherm is outlined as a functiofPduestX)(Pgues). It is thus
satisfactorily described by a Langmuir equatiof Xma{ KPguest

(1 + KPgues)], wherex is the equilibrium (absorbed guest)
(host sorbent) mole ratio at a guest presfey@s: Xmax is the
maximum value ok, andK is a sorption constant transformed

t0 PguestX = (Lixmak) + (PguestXmay). The experimental data
give Xmax= 0.678(3) andK = 0.16(1) Torr?, so that at a given

guest vapor pressure may be directly calculated (valid for 0 i : .

methylene chloride guest at 2&). 0 200 400 600 Pg, mmHg
The isotherm for propane is shown in Figure 4. It reveals

very similar features. Although the guest:host mole ratio does Pe/x, mm Hg

not reach a value of 2/3 at the guest pressures studied, the ratio

derived from the Langmuir equatiog,.x = 0.657(6), which 1000 4

suggests that the same limits apply on the stoichiometry and
sorption behavior as for methylene chloride. There is a quantita-
tive difference as the constait = 0.019(1) Torr?! is ap-
proximately one order of magnitude lower. Againcan be
calculated exactly from the appropriate equation and constants.
The results show thg form to be an efficient, zeolite-like
sorbent material, capable of sorption over a wide range of guest 0

500 -

(14) The same stoichiometry was observed earlier for trigonal inclusions 0 200 400 600 Pg, mm Ho
of other metal complex hosts: (a) Lipkowski,d.Mol. Struct.1981, 75, Figure 4. Sorption isotherm (28C) of propane in3-[CuL] given in
13-28. (b) Lewartowska, A.; Brzozowski, S.; Kemula, \W.Mol. Struct. conventional (top) and Langmuir (bottom) coordinates. For other details
1981 75, 113-119. (c) Soldatov, D. V.; Trushin, P. A.; Logvinenko, V. see comments to Figure 3
A.; Grachev, E. VJ. Struct. Chem1993 34, 232-238. (d) Lipkowski, J.; ’
Soldatov, D. V.J. Inclusion Phenonl994 18, 317—-329. (e) Logvinenko,

V. A.: Soldatov, D. V.J. Therm. Anal1999 56, 485-492. pressures, able to absorb significant quantities reversibly, and
(15) Brunauer, S.The Adsorption of Gases and Vappmrinceton with an excellent degree of both qualitative and quantitative
University Press: Princeton, NJ, 1943; Vol. I. predictability. However, unlike for zeolites and other common

(16) Webb, P. A.; Orr, CAnalytical Methods in Fine Particle Technol- hi sswitch » .
ogy, Micromeritics Instrument Corporation: Norcross, GA, 1997; Chapter sorbents, this sorbent may be “switched off” by being tem-
3.

porarily transformed into the densey)(form at any time.
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Figure 5. 12Xe MAS NMR spectra (on the left) and powder
diffractograms {(Co Ka) = 1.7902 A) (on the right) of (a) a sample
of a-[CuL;] (***Xe NMR spectrum shows only the xenon gas-phase
line, and the powder diffractogram shows lines belonging tatf@m :
only), (b) the same sample transformed into théorm filled with flow off
methylene chloride guest (there is a weak extra line due to xenon

absorbed in micropores and the powder diffractogram has been Jlow on
completely changed); (c) the same sample after removing guest " 120 100 80 80
methylene chloride from the pores (the resonance due to xenon absorbed (ppm)

in the micropores increases in intensity and experiences a shift; the
powder reflections change in intensities but not in position); and (d)
the same sample after applying a heat pulse°@)) demonstrating

the return to the dense modification.

Figure 6. In situ transformation between and 3 forms of [Culy]
monitored by'?°Xe NMR spectroscopy: (a). to 5 transformation in
the flow of methylene chloride and (j8)to a transformation at 70C.
Spectra accumulated ava 5 min. period. Note that for spectrum a

. . . . the chemical shift changes with time while in spectrum b it is time
This property gives the material an unprecedented potential as;

independent.
a programmable sorbent.

NMR Spectroscopy as a Monitor of Guest Species Inclu-  for probing the material for porosity and following the sorption
sion. The!?%Xe NMR spectra of the: (Figure 5a) ang (Figure process without the need for recovering the sample.
5¢) forms of [Culy] obtained in the presence of flowing gas | Sjtu Switching Experiments with Methylene Chloride.
(1% Xe) reveal the following features. The first spectrum shows The i situ performance of the material as sorbent can be judged
that porosity is absent, as there are no resonances other thagy mixing absorbate (methylene chloride in this case) into the
the gas line at-0 ppm. The spectrum of the form, obtained ¢35 mixture containing small quantities of HP xenon. Figure 5
under both static and spinning conditions, is characteristic of shows one cycle of switching between theand 8 forms.
the_ channel i_n this material. The signal is rgmarkably well (Though the whole cycle was performed in situ, in the same
defined despite the presence of paramagnetic Cu(ll) centersfigyre are given powder diffractograms of the recovered samples
incorporated in the material. Consideration of the crystal fom parallel experiments.) The form (Figure 5a) shows no
structure of the8 form reveals that the shortest distance between porosity. Adding methylene chloride (30 &min total flow with
Cu(ll) centers and the channel wall is 4.35 A, and the separation 300 Torr of methylene chloride over 1 h) transforms the
between Cu(ll) and in-channé&®Xe nuclei thus exceeds 6 A.  form 1o the s form, leaving the latter occupied by methylene
The fact that fine structure is not evident in the static pattern chloride. This is attested by the appearance of the weak low-
must be attributed to the fact that both anisotropic chemical fijg|d signal in the Xe spectrum (Figure 5b, left) and the change
shift and complex parama_lgnetic interacti(_)ns are present simyl-in the powder diffractogram (Figure 5b, right). Upon stripping
taneously, perhaps modified by dynamics. Hence, the shift methylene chloride out of the channel by the helium gas flow,
cannot be interpreted easily either from correlations derived for the |ow-field Xe signal shifts from 109.7 to 89.7 ppm and
diamagnetic materials. A calculation of the type carried out by pecomes far more intense (Figure 5c, left). At the same time,
Jameson et af. would be required if the magnetic properties  the powder diffractogram changes to that of the enfbtyatrix
of the material could be taken into account. (Figure 5c, rightf Finally, the application of a heat pulse (70

As well, in some cases we were able to monitortHeNMR °C) causes the revergeto a transformation, thus switching
signal from the included guest directly. This appeared as a sharpoff the sorbent functionality (Figure 5d).
resonance with a series of sidebands overlying the very broad Figure 6 shows how the processes described proceed with
signal arising from protons of the host complex. The intensity time. It should be noted that the experimental conditions were
of the sidebands reflects the degree of motional averaging, withchosen to illustrate the dynamics, but these could be adjusted
very strong bands observed for pentane, whereas for includedto advance the point of switching. Shutting off the flow of
methylene chloride and propane they were weaker, indicating methylene chloride immediately results in the availability of
a greater degree of dynamic averaging for the smaller molecules pore space to xenon that increases with time (Figure 6a). The
Integration of the proton spectra, followed by subtraction of change in intensity is concomitant with the shift of the HP Xe
the broad host signal, gave independent information on the line, indicating that the effective size of the void space for the
quantity of guest absorbed. Thus both techniques are suitablexenon molecule also increases dramatically. Evidently this is
: due to a decrease in total guest content in the void space as the
Phgg)lggzqi%%n'5;:6;'—:5357“;?32% ggoﬁ-? gf“j‘_'f)jgm'é?s'a';“' A'J_'-JK’f'_CEifnm-H__ sorption constant for highly volatile xenon and helium must be
M.: Baello, B. I.J. Chem. Phys1994 100, 5977. Jameson, C. J.; Jameson, Significantly lower than that for methylene chloride. Previous
A. K.; Lim, H.-M. J. Chem. Phys1996 104, 1709. work has shown that under the flowing gas conditions used, an
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Figure 7. 12Xe chemical shift versus guest per host mole ratio, 120 110 100 90 80

with methylene chloride as guest. The points were obtained during (ppm)

dynamic desorption of the guest from tfematrix with a gas flow . . .

with zero partial pressure of methylene chioride. Each point was Figure 8. **Xe MAS NMR spectra recorded during coadsorption of

accumulated for 1 min. The equation for the least-squares minimization HP xenon and propane on tfidorm of [CuL,]. The points of switching

line is dxe (PPM) = 40.7(8X + 87.4(2) for 100 experimental points. of the propane gas flow are indicated. Consecutive spectra were
recorded every minute.

effectively “zero-pressure” Xe spectrum should result once all . . .

“transforming” guests have been removed, as the helium cause2SSumed to host a single guest irrespective of guest type. If Xe

a negligible shift. A temperature pulse (Figure 6b) causes the @hd @ guest G are sorbed in the channel according to Langmuir

signal intensity to decrease until its complete disappearancePehavior, the fraction of sites filled is:

signals the completion of the transformation of thierm. The

Xe signal does not shift in this instance, indicating that the X = Xnad KcPg F KiePxe)/ (1 + KcPg + KiPyo)  (2)

process is simply a collapse to theform.

Figure 7 shows that th&?°Xe chemical shift versus guest where again th& values are the Langmuir constants andhe
per host ratiox (taken from proton spectra normalized by values refer to the partial pressures. Ker> Ky, the terms in
comparing the intensity of a proton spectrum obtained after a Ky can be neglected &3 is always very small, so thatis
prolonged flow of guest at a partial pressure of 100 Torr with just the fraction of sites filled by G. Equation 1 then suggests
the adsorption isotherm). The data were obtained under dynamicthat dxe will depend effectively only on the degree of loading
desorption of methylene chloride from tfiematrix. As can be of the channel by the guest G. On a molecular level, this can
seen quite clearly, the data show a linear correlation, thus be understood in terms of the chemical shift being a weighted
allowing the direct determination of the degree of filling and average of the Xe chemical shifts for the situations 0Xe0, 0XeG,
the available pore space from the shift. The correlation is and GXeG.

described as followsdxe (ppm) = 40.7(8k + 87.4(2). From In Situ Experiments with Propane. Propane is unable to
this dependence the chemical shifts extrapolate to valuesact as a template to convert tieform into the inclusion
characteristic of the empty and completely fill@dmatrix, compound, and thus represents materials that interact only with
87.4(2) and 114.5(3) ppm, respectively. the microporoug form by adsorption. Remarkably, as long as

The observation of a linear dependence of the chemical shift the 8 form is already present, either previously loaded or
on the degree of loading can be understood in terms of previousprepared in situ, the qualitative sorption behavior is the same
work on the filling of linear channels with xendA.In those for propane as for methylene chloride. Upon contact of propane

cases the chemical shift can be written simply as vapor (with a partial pressure ef100 Torr) with the emptys
form, the xenon resonance shifts to higher values immediately
Oye = AX+ B Q) as the free space available to xenon decreases because of the

presence of propane (Figure 8). When the propane flow is
wherex = the fraction of sites filled by xenon. For partial filling ~ switched off, the flowing gas mixture containing HP Xe strips
of the channels, the chemical shift is a statistically weighted out the remaining propane, as can be seen by the decrease in
average of the three Xe* chemical shifts, 0Xe*0, 0Xe*Xe, and '2°Xe chemical shift, tending to go to a value characteristic of
XeXe*Xe, corresponding to Xe* with 0, 1, or 2 neighbors, the empty channel. Clearly, it is possible to carry out kinetic
respectively, as nearest neighbor effects are the only ones thastudies of sorption and desorption, using the HP Xe chemical
need to be taken into account, and dynamic processes averagsehifts to monitor the processes quantitatively, analogous to the
the three xenon configurations. We can treat the channel in thesituation for methylene chloride.
[CuL;] system in a similar way; to a first approximation site The relationship between the Xe chemical shift and the
differences can be neglected and each site in the channel igraction of sites filled by propane is linear only at higher
pressures and this portion of the plot does not extrapolate to

(18) Hunger, M.; Horvath, TJ. Chem. Soc., Chem. Commur295

14231424, the chemical shift for the empty channel. Clearly, the simple
(19) Grachev, E. V.; Dyadin, Yu. A.; Lipkowski, J. Struct. Chem. model presented for methylene chloride breaks down. A possible
19925036 8?‘279“ Bhve. Chemlo64 68 441451 (b) Zefiroy. Y reason is that the Langmuir constant for propane is much smaller
V.;(ZOZk(i{ijl,)P.cl)\;I]. Russ. Chem. Re1095 é4, e 426 o ratoromos fam  than that for methylene chloride, and that xenon may in fact
3 to 6 therein. compete with propane for one of the two sites in the channel.
52‘(121) Merritt, E. A.; Bacon, D. JMethods Enzymoll997, 277, 505~ If G absorbs preferentially on site A, and Xe on site B, then at

(22) Ripmeester, J. A Ratcliffe, C. 1. Phys. Chem1995 99, 619. low Pg there will be a partitioning of the guests over the two

Moudrakovski, I. L.; Ratcliffe, C. I.; Ripmeester J. Appl. Magn. Resan sites, whereas at higRg, G will again predominate on both
1996 10, 559-574. sites. At low Pg even small quantities of G will drive Xe
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primarily to the B sites, but if no G is present at all, the Xe host material was put int_o_ the bal_ance pan, the reaction cgll was closed,
chemical shift will be an average over both sites A and B, thus and the system was equilibrated in a nitrogen flow of 5¢/erin. Then
predicting that the high-pressure portion of the curve will the flow of reaction gas was added to the nitrogen flow, with the total
extrapolate to a different intercept than the low-pressure portion, 0w remaining constant. o
Therefore, the chemical shift should depend on the degree of "¢ original sample used for the methylene chloride isotherm
loading in a nonlinear fashion. This additional complexity is measurements consisted of the powderddrm. The first experimental

i Y i K point .fth techni Ft) Y ; point was obtained under the maximum guest vapor pressure to
not necessarily a weak point of the technique, as it SUggestSyansform the entire sample to tfseform:
that molecular-scale details of adsorption processes in multisite '
sorbents become accessible. a-[CuL,] (solid) + x(CH,Cl,) (gas)=
Conclusion B-[CuL,]*x(CH,CI,) (solid)

h h hat th f mol lar i ... __After the sample weight stabilized, the guest pressure was decreased
We have shown that the processes of molecular 'Somer'zaﬂonstepwise to obtain the entire isotherm under desorptive conditions. After

and phase interconversion that trigger the sorption potential of that, the pressure was increased again to obtain points for the sorption
the material are both reversible and controllable in situ by reaction. Every experimental point took up to several hours for the
applying appropriate external stimuli such as a specific guest mass change to come to a plateau value. A nitrogen flow with the
vapor or a temperature pulse. HP Xe NMR is used to monitor required partial pressure of methylene chloride was obtained by
these processes and follows the creation and destruction of poréubbling nitrogen gas through neat methylene chloride thermostated
space as well as the degree of filling of the pores by a second?t @ specific temperature (in most cases-&t°C) and also by mixing
component. For strong adsorbers such as methylene Chloride:[h's flow in dlfferent_proportlons with a second flov_v qf nitrogen. With
the data are easier to analyze than for weaker adsorbers sucRoPane. the experimental procedure was very similar, but the empty

as propane where the xenon appears to compete with propan form was used as the starting sample, and flows of propane and
prop PP p prop itrogen were mixed in different proportions. Because of instrument

for some sites. This introduces the possibility of competitive |initations, there might be enhanced experimental errors in creating
binding studies that are likely to shed considerable light on the gas flows with a low pressure of sorbate in this dynamic method. This
molecular details of adsorption in complex pore systems. isthe probable explanation for the deviation of the points from a straight
Molecular-level control over functional properties such as line in Figures 3 and 4 (bottom). The points for pressures less than 30
porosity can be seen as a first step in designing smart materialsTorr for methylene chloride and less than 80 Torr for propane were
for applications such as sorbent actuators or sensors that switchot used in calculations.

on as Sorbents Only |n the presence Of Certa|n Sorbates NMR SpeCtra were collected on a Bruker MSL 200 NMR Spectrom-
eter operating at 200 MHz féH and 55.33 MHz fo?°Xe. The probe
Experimental Section was a Chemagnetics pencil probe modiffesb that a stream of gas

could be delivered to the spinning samite! The standard gas mixture

Reagent or analytical grade chemicals were used throughout. Theysed had 1% Xe (effective pressure of 7 Torr), 1% &hd 98% He.
HL (1,1,l-triﬂUOrO-S,5-dimethyl-S-methoxyacetylacetone) and the H:UL The reaction gas was added to this ﬂOW, as required.
complex in purex andp3 forms were prepared as described previo&8ly. The channel profile (Figure 1) was calculated from the crystal
Powder diffractograms were recorded on a Rigaku Geigerflex diffrac- structure data on the inclusion compound with ben¥ensing the
tometer (CoKa radiation,2 = 1.7902 A). The diffractogram for the  CLAT?9 program package. The following values for the van der Waals
inclusion compound with methylene chloride was recorded in an radii (&) were used®C, 1.71; H, 1.16; Cl, 1.90; F, 1.35; O, 1.29; Cu,
atmosphere of the guest. DSC measurements were performed on a 292@ 40. The same system and the Rastét@Bogram package were used
Modulated Differential Scanning Calorimeter (TA Instruments). Samples to draw molecules. NMR spectra were analyzed with the WIN NMR
of 5 to 10 mg of the empty form were pressed into aluminum pans  program package (Version 950801.1).
and the DSC-curves were recordedagb deg/min heating rate.

For recording the isotherms, a TGA 2050 thermogravimetric analyzer  Acknowledgment. D.V.S. is grateful for a visiting fellow-

(TA Instruments, RMX-Based Operating System) was adapted. The ship; A.V.N. and J.A.R. acknowledge partial support of this
purge gas system was thoroughly cleaned of volatile impurities with a 5k by NSERC.

nitrogen stream before each experiment. All the experiments were
performed in the isothermal (28°) mode. A sample of~25 mg of JA002767X



