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Nonporous Organic Solids Capable of
Dynamically Resolving Mixtures of
Diiodoperfluoroalkanes

Pierangelo Metrangolo,** Yvan Carcenac,® Manu Lahtinen,? Tullio Pilati,® Kari Rissanen,*

Ashwani Vij,” Giuseppe Resnati'>

Halogen bonding has increasingly facilitated the assembly of diverse host-guest solids.

Here, we show that a well-known class of organic salts, bis(trimethylammonium) alkane diiodides,
can reversibly encapsulate o,w-diiodoperfluoroalkanes (DIPFAs) through intermolecular
interactions between the host’s I~ anions and the guest’s terminal iodine substituents. The process
is highly selective for the fluorocarbon that forms an I™---I(CF,)I---I” superanion that is

matched in length to the chosen dication. DIPFAs that are 2 to 12 carbons in length (common
industrial intermediates) can thereby be isolated from mixtures by means of crystallization from
solution upon addition of the dissolved size-matched ionic salt. The solid-state salts can also
selectively capture the DIPFAs from the vapor phase, yielding the same product formed from
solution despite a lack of porosity of the starting lattice structure. Heating liberates the DIPFAs
and regenerates the original salt lattice, highlighting the practical potential for the system in

separation applications.

,o-Diiodoperfluoroalkanes (o,,w-DIPFAs)
a are key intermediates (/) for the synthe-

sis of various fluorochemicals and fluoro-
polymers, such as fluorinated elastomers (2—4).
However, the production of DIPFAs has been
hampered by the lack of a method to obtain the
compounds in high yield and purity. The tetra-
fluoroethylene telomerization reaction with iodine
produces a mixture of DIPFAs, usually separated
into its components by fractional distillation (5).
The heavier DIPFAs cannot easily be separated
with this method, thereby limiting the availabil-
ity of a,m-DIPFAs that are longer than eight car-
bon atoms.

Here, we report the application of supramo-
lecular and crystal-engineering principles to the
resolution of DIPFA mixtures through selective
and reversible capture by ionic organic solids.
We initially observed selective crystallization
of a given DIPFA 2 from solutions of size-
matched bis(trimethylammonium) alkane di-
iodides 1 (Scheme 1). Furthermore, we found
that even microcrystalline powders of the io-
dide salts could selectively incorporate matched
DIPFAs from the gas phase despite the absence
of porosity in the static crystal structures. Thus,
1a to 1f represent a class of dynamically porous
materials (6).

REPORTS I

We have already demonstrated that DIPFAs
behave as robust telechelic halogen-bonding (7, &)
donors, given that fluorine inductively boosts
the electron density acceptor ability of the terminal
iodine substituents (9). For this reason, o,,w-DIPFAs
form particularly strong halogen bonds when in-
teracting with naked iodide ions (/0) and result
in trimeric supramolecular anions of the type
I+ 1(CFp)plI" (11). Our goal was to incorporate
this superion into a crystal framework that would
achieve peak stability for a given-sized DIPFA (12).
‘We reasoned that matching the size of this halogen-
bonded superanion with a terminally functionalized
dication of similar dimensions should increase the
strength of electrostatic binding in an ionic lattice,
thus driving a selective molecular recognition of the
target DIPFA. We therefore selected the iodide salts
of the bis(trimethylammonium) alkane derivatives
1a-f (13), which are well-known structure-directing
agents in zeolite synthesis (/4) and guests in supra-
molecular chemistry (15).

Single-crystal x-ray analysis of 1b-2H,0 (Fig.
1A) (16) shows that water is hydrogen-bonded
to iodide ions (H-1" has distances of 2.766 to
2.804 A) and also weakly interacts with the
methyl and methylene H atoms of the cation.
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Adduct  *N(CH,),,N*  [+l(CF,) Il (B-A) [ eeel [ eel-C
(A) (A) (A) (A) (°)
1a+2a 11.290(14) 12.056(5) | 0.766 | 3.478(2) 167.8(4)
I
1
1b«2b 13.628(12) 144834) S5, 0855 | 3.4517(11) 166.0(4)
=
1c* 2¢ 16.395(11) 17.083(5) | 0.688 | 3.4627(11) 167.5(2)
I
1b » 2d 13.62(4) 18797(4) 2| 5477 | 3.357(3),34102) 173.3(7), 176.1(6)
1a+2b 10.527(8) 14.104(3) E: 3577 | 3.3514(9) 174.7(4)

Scheme 1.
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These interactions alongside the anion-cation
interactions dominate the crystal structure. The
bis(trimethylammonium) decane molecule adopts
the usual all-trans conformation, and the hydro-
carbon chains are parallel and interdigitated.

The N'-N" intramolecular distance in crys-
talline 1b of 13.965 A is well-matched to the
™1™ distance in the I~ I(CF,)4I-"1" superanion,
as found in our previous study (/7). For this rea-
son, we attempted to crystallize 1b together with
1,4-diiodooctafluorobutane 2b, starting from their
equimolar CH;0OH and CHCl; solutions, respec-
tively. Upon mixing of the two solutions, the 1:1
supramolecular complex 1b-2b crystallized in a
nearly quantitative yield and purity. Single-crystal
x-ray analysis of the complex 1b-2b confirmed
our initial hypothesis: The distance between the
intramolecular N atoms of 1b in the complex is
within 1 A of the iodide ions’ spacing in the super-
anion I I(CF,),l-1" (A =0.855 A) (Scheme 1). Four
alkyl dications define a rectangular parallelepiped-
shaped cavity that encapsulates DIPFA 2b, trapped
by strong halogen bonds to the two I~ ions at either
end (Fig. 1, B and C). As a probable consequence
of the optimized binding that results from the struc-
tural complementarity of the interacting charged
moieties and the matching sizes of the two starting
compounds 1b and 2b, complex 1b-2b shows a
very low solubility in organic solvents as compared
with that of pure starting materials. The I™1-C dis-
tance of 3.452 A, which is noticeably shorter than the
sum of the van der Waals radius of the iodine atom
and the Pauling radius for the I” ion (4.14 A) (18),
indicates strong halogen bonding (7).

To test the generality of the size-matching
hypothesis, we challenged salt 1a with DIPFA 2a
and 1c with 2¢ (Scheme 1), maintaining the scaling
relationship of 1b and 2b. Indeed, the complexes
la-2a (fig. S1) and 1c¢-2¢ (Fig. 1D) both exhibit
crystal lattices analogous to that of the 1b-2b com-
plex. In fact, two of the unit cell dimensions in each
case are nearly the same (~6 and ~8 A), indicating
similar packing in those two directions, and the
third dimension is related to the relative differences
in the length of the molecules.

The importance of size matching was further
confirmed by the isolation and structural charac-
terization of two mismatched complexes, 1a-2b
and 1b-2d (Scheme 1). In complex 1a-2b, the
discrete superanion [+ I(CF;)4l-~1" still forms
(I"-I-C has a distance of 3.351 A and angle of
174.70°), but the crystal packing is completely
different from that in the matched structures.
There is no cavity in which to trap the DIPFA,;
instead, the structure consists of cation and su-
peranion layers (fig. S3). An even greater change
occurs in the complex 1b-2d, which crystallizes in
a 1:2 stoichiometry and distributes the DIPFAs 2d
with alternating I ions in an infinite one-dimensional
(1D) halogen-bonded polyanionic chain geome-
try (I"+1-C has distances of 3.357 and 3.410 A
and angles of 173.30 and 176.10°) (fig. S4).

All matched complexes (1a-2a, 1b-2b, and
1c-2¢) show melting points higher than the mis-
matched ones in their respective homolog series,

which is consistent with a higher stability of the
crystal lattices with well-organized cavities around
the DIPFAs. We therefore surmised that the en-
hanced stability should translate to a selective molec-
ular recognition of a given DIPFA from a solution
mixture by the size-matched salt 1 (17, 19).
With this in mind, we performed competitive
crystallization experiments by dissolving one
equivalent of all four commercially available
0,0-DIPFAs 2a-d into the same CHCl; solution.
When this solution was added to a CH;0H so-
lution containing one equivalent of a single salt
(from among 1a-d), only the size-matched DIPFA
was crystallized from the combined solution.
Complexes at all four chain lengths (a-d) could
be isolated in quantitative yield and purity. Al-
though we were not able to obtain single-crystal
x-ray data for the complex 1d-2d, powder x-ray
diffraction (PXRD) analysis confirmed the sim-
ilarities in packing between 1d-2d and the other
matched complexes 1a-c-2a-c (figs. S7 to S10).
The above-described competitive crystallization
experiment confirms the further generality of the
size-matching rule for compounds 1+ and 2.

Once the matched DIPFA had been completely
separated from the solution by filtering out the
corresponding 1,462y, solid adduct, the addi-
tion to the solution of another equivalent of the
same chain-length salt 1 consistently afforded a
white solid comprising a mixture of all the other
possible 1-2 mismatched complexes that were
present in varying mass fractions.

Intrigued by the isolation of the 1d-2d com-
plex, we extended the selective crystallization
method to a mixture of higher DIPFA telo-
mers that were found in a distillation residue
obtained from industry with the following mass
fraction composition: 1,8-diiodoperfluorooctane
2d (24.2%), 1,10-diiodoperfluorodecane 2e
(41.9%), 1,12-diiodoperfluorododecane 2f
(23.0%), 1,14-diiodoperfluorotetradecane
(8.3%), and 1,16-diiodoperfluorohexadecane
(2.6%). The o,w-DIPFA mixture was dissolved
in CCl, and combined with a CH3;OH solution
of bis(trimethylammonium) hexadecane diiodide
1e (one equivalent of 1e for one equivalent of
2e in the mixture). A white solid precipitated
almost immediately. Gas chromatography (GC)

Fig. 1. (A) The packing of bis(trimethylammonium) decane diiodide dihydrate 1b-2H,0 viewed along the a
axis. (B) The complex bis(trimethylammonium) decane diiodide/diiodoperfluorobutane 1b-2h. Shown is a
view of the molecular cavity defined by four alkyl dications, with encapsulated guest 2b halogen-bonded to I”
ions at the top and bottom. (C) The crystal packing of the complex 1b - 2b viewed along the ¢ axis. Both of the
disordered orientations of 2b are shown in (B) and (C). (D) The crystal packing of the complex 1c+2c viewed
along the a axis. The software package Mercury 1.4.2 (available for free download from www.ccdc.cam.ac.uk)
was used to construct these images from the crystallographic information files. Gray, carbon; white, hydrogen;
green, fluorine; blue, nitrogen; red, oxygen; magenta, iodine. Halogen bonds are depicted as dotted lines.
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analysis indicated that 2e was the only o,m-DIPFA
present in this solid. Nuclear magnetic reso-
nance (NMR) experiments and melting point
analysis on the solid confirmed the 1:1 ratio of
the perfluorocarbon (PFC) and hydrocarbon
(HC) components and thus the formation of
the complex le-2e. The same experiment was
repeated by adding to a solution of the DIPFA
mixture one equivalent of bis(trimethylammonium)
octadecane diiodide 1f in CH3OH, which led
to the rapid precipitation of the almost pure
(>90%) 1,12-diiodoperfluorododecane complex
1£-2f [based on GC, NMR, infrared (IR), and
melting-point analysis] despite the low relative
amount of 2f in the starting mixture (23%).
Scattered examples in the open literature re-
port the isolation of analytical samples of 2e and
2f by GC (20). Even in the vast patent litera-
ture on the preparation of a,w-DIPFAs, we found
no evidence of preparative and quantitative sep-
aration methods other than time- and energy-
consuming fractional distillation, for which there
was scarce indication of effectiveness in the pu-
rification of the higher telomers (27). Having

thus characterized a selective crystallization tech-
nique with potentially great utility, we explored
the reversibility of the binding of the DIPFAs
in our matching complexes by means of various
techniques. Our expectations were bolstered by
the reversibility of halogen bonding and high
DIPFA vapor pressure relative to salts 1. Gas-
phase IR spectra at ambient pressure in a sealed
heated cell showed that the complex 1a-2a starts
to release 2a at 433 K (the boiling point of pure 2a
is 385 K) with the maximum release occurring at
463 K, well before the melting temperature of the
complex (474 K). Similar behavior was observed
by use of thermogravimetric analysis (TGA) for
the other 1b-d-2b-d matched complexes (Table 1,
figs. S19 to S30, and tables S8 to S10). In addi-
tion, PXRD, IR, melting-point, and NMR analy-
ses confirmed that complete removal of 2a-d yields
the pure salts 1a-d in the same crystal phases as
the starting materials (figs. S15 to S18).

This robust liberation of the guest prompted us
to study the reverse process, namely, the uptake of
DIPFA vapors by the solid bis(trimethylammonium)
alkane derivatives 1a-f. Practical application of the

Table 1. Observed and calculated weight losses for DIPFA removal from matching complexes
1a-d -2a-d. Awt,y,s, observed weight loss for leaving compound; Awt.,, theoretical weight loss for
leaving DIPFA; Te,q, observed end temperature of DIPFA removal; T,,, melting point of the starting

complex; B, heating rate.

Formula weight

REPORTS I

selective molecular recognition would benefit from
anonsolvent environment. We placed finely ground
ionic solids 1a, 1b, or 1¢ in sealed nested jars so that
they were isolated from surrounding liquid samples
of the matched DIPFAs 2a, 2b, or 2¢ but accessible
to the corresponding vapor. The 1:1 matching com-
plexes 1a-2a and 1b-2b were obtained after 6 hours
and 7 days, respectively, at ambient pressure and
temperature, and both complexes exhibited the
same lattice structure observed from the solution
crystallization (figs. S7 and S8). Because of the
lower vapor pressure of 1c, the 1:1 matching com-
plex 1c-2¢ required 3 days at 313 K to form fully;
once again, the same crystal phase as from the
solution was observed (Fig. 2, left). These gas-
solid reactions thus transform a nonporous ionic
solid into a well-ordered encapsulation complex.
The selectivity of these gas-solid reactions was
further probed by the following guest-exchange
reaction. The finely ground mismatched com-
plex 1a-2b was exposed to vapor of the matched
DIPFA 2a in a sealed vessel at ambient pressure
and temperature for 7 days. PXRD data indicated
that the mismatched DIPFA 2b was completely
replaced in this gas-solid reaction by the matched
2a, yielding exclusively the 1:1 matching com-
plex 1a-2a in the same crystal form as had been
obtained by means of solution crystallization (Fig.
2, D and E). The same experiment carried out on
the matching complex 1a-2a by means of expo-

Complex AWt ops (%) AWtz (%) Tond (K) T (K) B (K/min)  sureto vapor of the mismatched DIPFA 2b did not
(g/mol) result in any reaction (Fig. 2, F and G).
l1a-2a 838.05 37.7 42.22 (2a) 464 474 10 Nanoporous solids that are able to absorb and
1a-2a* 41.7 42.22 (2a) 463 474 10/isotherm  release small molecules in a controllable and selec-
1b-2b 966.12 47.0 46.97 (2b) 493 503 10 tive fashion are rare but known in the literature
1b -2b* 44.6 46.97 (2b) 463 503 10/isotherm  (22—26). An alternative to nanoporosity is the con-
1c-2¢ 1094.20 50.5 50.62 (2¢) 468 500 2 trolled uptake and release of small molecules by
1c-2c* 49.8 50.62 (2¢) 463 500 10/isotherm  means of reversible heterogeneous gas-solid reac-
1d-2d 1222.28 53.1 53.47 (2d) 486 504 2 tions (27-29). In the present case of nonporous
1d-2dt 52.4 53.47 (2d) 486 504 10/isotherm  solid compounds, bis(trimethylammonium) alkane

*Thermogravimetric run included an isothermal step at 463 K for 60 min.
step at 448 K for 60 min.
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Fig. 2. (Left) PXRD patterns of the complex 1c-2c (A) simulated from
single-crystal x-ray data, (B) acquired after solution crystallization, and
(C) acquired after gas-solid reaction. (Right) PXRD patterns of the mis-
matched complex 1a-2b obtained from solution crystallization (D) before
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diiodides 1a-f show a size-matching—based dynamic
response upon exposure to gaseous o,w-DIPFAs
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and (E) after exposure to vapor of 1,2-diiodoperfluoroethane 2a. Below
these are PXRD patterns of the matched complex 1a-2a obtained from
solution crystallization (F) before and (G) after exposure to vapor of 1,4-
diiodoperfluorobutane 2b.
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2a-f, yielding the homologous series of supra-
molecular complexes 1,,,+¢2,. In such complexes,
the complementarity of size leads to a structure
type that overrides the strong driving force of PFC-
HC segregation. This process is expected to require
surmounting a considerable energy barrier, espe-
cially in the case of the very long DIPFA 2c. Al-
though the size-matching leads to one product, the
PFC-HC segregation does not distinguish be-
tween various sizes of PFC and HC segments, as
was proven by the observation of a variety of com-
plexes produced from a size-mismatched PFC-HC
mixture. Despite a lack of porosity of the starting
materials 1a-f, the DIPFAs 2a-f are readily trans-
ported through the solid until a thermodynamically
stable porous structure is achieved. A comparison
with the x-ray structure of the pure salt 1b (Fig. 1A)
suggests that once the size-matching DIPFA forms
halogen bonds with the I ™ ions, the [+ 1(CFy),[
superanion acts as a template of the porous struc-
ture observed by promoting the positional and/or
orientational rearrangement of the hydrocarbon di-
cations (analogously to the sliding filament model,
such as what occurs between thick and thin fila-
ments in myofibrils). Our results show the rele-
vance of a supramolecular-templated assembly of
dynamically porous materials.

Gas-solid reactions often entail profound trans-
formations of the chemical and physical nature of
the solid materials and rarely are of practical use.
In the present case, the full reversibility of the pro-
cess, whereby DIPFAs can first be selectively com-
plexed and then quantitatively evacuated, yields
purified fluorinated telomers and a reusable ionic
scaffold. Beyond the practical potential for separat-
ing mixtures of a,0-DIPFAs, we envision the appli-

cation of this purification method to another vast
class of compounds of industrial interest, the o, 0-
diiodoperfluoropolyethers (DIPFPEs), which are
useful intermediates for the synthesis of fluoro-
containing resins, elastomers, and surfactants.
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Time-Resolved Molecular Frame
Dynamics of Fixed-in-Space

CS, Molecules

Christer Z. Bisgaard,” Owen J. Clarkin,*> Guorong Wu,* Anthony M. D. Lee,?* Oliver GeRner,?

Carl C. Hayden,* Albert Stolow™?t

Random orientation of molecules within a sample leads to blurred observations of chemical
reactions studied from the laboratory perspective. Methods developed for the dynamic imaging of
molecular structures and processes struggle with this, as measurements are optimally made in the
molecular frame. We used laser alignment to transiently fix carbon disulfide molecules in space
long enough to elucidate, in the molecular reference frame, details of ultrafast electronic-
vibrational dynamics during a photochemical reaction. These three-dimensional photoelectron
imaging results, combined with ongoing efforts in molecular alignment and orientation, presage a
wide range of insights obtainable from time-resolved studies in the molecular frame.

ost molecules are non-spherical and so
exhibit a dependence on their relative
orientation in interactions with other
molecules or with light. Measurements, there-
fore, should ideally be made in the molecular
reference frame (MF). Unfortunately, in the gas
and liquid phases, molecules are generally ran-

domly oriented in the laboratory frame (LF) to
which most standard techniques are referenced,
leading to blurred observations of molecular
properties and processes. An analogy is the dif-
ference between single-crystal versus powder
x-ray diffraction, the former revealing the greatest
details of molecular structure. Other examples

include the determination of vector correlations
in photodissociation dynamics (/) and measure-
ments of (time-independent) photoelectron an-
gular distributions (PADs) of fixed-in-space
molecules, which has been a goal of researchers
since the 1970s (2) and was achieved for selected
cases (3, 4). Promising ultrafast techniques for
imaging structural and electronic changes during
molecular processes, such as time-resolved x-ray
(%) and electron (6, 7) diffraction, tomographic
orbital imaging (8), time-resolved photoelectron
spectroscopy (TRPES) (9, 10), laser-induced elec-
tron diffraction (/7), and high harmonic generation
(12), would all benefit from avoidance of this
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