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Abstract

The counter cation influence {HNa', K™ and Li") on the aggregates formation in aqueous solution
of the salts of cobaltabisdicarbollidg]Tand its derivatives (monoiodinated1]l-and diiodinated
[1-1]) has been studied by means'®{'H} and *H{*'B} NMR spectroscopy*'B{'H} NMR
spectrum of M{] (M= alkali or H') in waterexhibits much wider signals than in an organic eotv
because organic solvents (acetone) cause disagigregdhe wider resonances are found at
concentrations larger than 10 mM while the sharp&gtals are found below 10 mM, in which a
large fraction of Hf] is in monomeric form and only a small fraction l8f1] participate in the
formation of vesicles that has been visualized bgyyoCTEM. ™B{'H} NMR of H[1] at
concentrations lower than 10 mM corresponds tontemomer and the phase transition that is
observed is due to the monomer to micelles transition. The'B-NMR s, therefore, an excellent
probe to visualize the phase transition betweencksgmonomer and micelles/monomer that
appears between 10 and 20mM, for all tested catidhe *H{''B} NMR spectra contribute
interesting complementary information to the orteéigeed from the"'B{*H} NMR, particularly in
what concerns to dihydrogen bonds formation, CH##B: These results have been compared with
available crystal structures, which reveal the @nes of such intermolecular dihnydrogen bonds as
responsible of the aggregates formation @f [in water. Computational analysis of the

intermolecular interactions and self-assembly efahions I] [I>-1] are presented.
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1. Introduction

The study of carborane metal-complexes incorpayadin p-, d- and f-block metals has
attracted interest for many years.[1] The cobad@ibarbollide, [3,3-Co(1,210s0-C,BgH11)7] ", [1]
, [2] is a remarkable anion: it is chemically ahdrimally stable in a diversity of scenariosjf3jan
be substituted at carbon or at boron atoms, [4]rag@selectively at different sites of each one of
the two globes. [5The central core of this anion, “Cof),”, is very similar to the ferrocene core,
“Fe(GCs)2”, thus both L7 and ferrocene bear relevant resemblances, e.g. rekersible
electrochemistry [6] and the high chemical andrtarstability, [3] but are different in others, suc
an enhanced protection of the Co 1 by a canopy of boron hydrogen units. [7] The vertein
[1] produce a rich variety of substitution sites, arel r@sponsible for significant physicochemical
properties. Thdirst example of direct dehydrohalogenation on Briatallacarborane was done by
Hawthorne etal. in 1967 to produce brominated species @f.[[2a] Subsequently, other
halogenated derivatives of|[ have been reported [8], [9] and their ability t@guce a stepwise
modulation of the]] redox potential by each new B-X (X = halogen) @dted, studied. [10],[11]

Thein vitro cell culture studies indicate that i ] also known as COSAN, and its mono-
and diiodinated derivatives, [3;80(8-I-1,2-GBgH10)(1,2-GBgH11)]’, [I-1]” and [3,3-Co(8-1-1,2-
CoBgH10)2], [l2-1]°, accumulate within cells. [12] Based on this knedge, [3,3-Co(8-I-1,2-
C2BgH10)(8-R-1,2’-C2BgH10)]” (R= H, GHsCOO(CHCH,0),), respectively Na[t]" and Na[l-
PEG4]) compounds were radiolabeled with eithén (y-radiation emitter) or?4 (positron
emitter)via palladium catalyzed isotopic exchange reactioB] fihd these labelled] derivatives
were administered to mice and their bio-distribnitiovestigated by means of PET and SPECT
imaging techniques. [14] These data foresee thasethcompounds have potential medical
applications. [15] In addition, several reviewstbe radioisotopes incorporation to organoboranes

and boron clusters have recently appeared. [16]



Available experimental data on the behaviorXdf [n aqueous solution indicate clearly that
its association is responsible for many of its umowmn performances, like the formation of
vesicles, micelles, lamellae, [17] interaction withembranes or liposomes, [18, 12b] with
aminoacids, [19] among others, and that on its thenassociation capacity is due tgHG - - H-B
and other dihydrogen bonds; but we also noticetlttt@influence of the cation is not negligible.
For example the solubility ofl]” salts in water, at room temperature, stronglyeseccording to
the nature of counter cation from 4&i*, H", K" and [NMa]" , respectively: 1509 mM, 1175 mM,
846 mM, 747 mM and 0.019 mM. [20] The ‘Gsalt was found to have the lowest solubility, 1.5
mM, of all alkaline metals. Popov et al. have foundimilar series on the effect of cation on the
surface pressure at the water chloro-solvent iaterf[21] To learn on the former non bonding C
H---H-B interactions we used the weakly interactiaggamethylammonium cation.[22] In this
work, we wish to extend these studies to accountti® influence of the cation, and as we are more
concerned to studies in solution only water solukddts of alkaline cations (Li Na” and K
including H) have been considered; further to learn on tHaente of these cations on the widely
studied halogenated derivatives @j | the highly polarizable iodinated salts 4| [3,3-Co(8-I-
1,2-GBgH10)(1,2-GBgH11)], [I-1] and [3,3-Co(8-I-1,2-GBgH0)7] , [I2-1] have been incorporated
in the study.

2. Results and Discussion
2.1. Study of alkaline cations (H, Li*, Na" and K*) salts of [3,3-Co(1,2-GBgH11),]’, [1], [3,3-
Co(8-1-1,2-C,BgH10)(1,2-CBgH11)], [I-1] and [3,3-Co(8-1-1,2-C:BgH10)2] , [12-1] .

The anionic metallacarborane [3G0(1,2-GBgH11)2], [1]7 (Fig. 1) possess a weak
coordination tendency that arises from their lovargle density, [23], [4] bulky size and sufficient
charge delocalization. [24] However, over the gasgt years, several researchers have shown that
some of the metallacarboranes are not as Weaklyd@aion Anions as it was thought and that

they did behave similarly to a surfactant in aq@esolutions.Wipff et al. interpretedby



molecular dynamics methods thdk] [ although lacking the amphiphilic topology, behaas
anionic surfactants. [25] Later on, Mptek et al. studied this anion in aqueous solutionaby
combination of static and dynamic light scatterargl microscopy methods. [17b] They observed
that the compound organizes in spherical aggregaiisa radii of around 100 nm in a fairly
monodisperse wayMore recently, Bauduin et al. demonstrated by smadle-angle X-ray and
neutron scattering that M| forms monolayer vesicles at low concentrationsvater which radii is
approx 20 nm in the concentration range 1-13 mMa]Jlncrease in concentration leads to’a 1
order phase transition from vesicles to small neseat around 13 mM. [17a] Finally, it has been
proven that minor changes in the molecular strectir [1]° induce major modifications in the
solution behavior. The substitution of two B-H byot B-1 in the structure ofl]]” to produce p-1]
leads to a lamellae lyotropic phase at rather lawcentrations, i.e. above 130 mM at ambient
temperature. [17c] This minor molecular alteratisabstitution of B(8)-H and B(8’)-H by B(8)-I
and B(8)-1, induces large self-organizing conset&s that correlate very well with the concept of
molecular materials.

To progress in the understanding of the solutiohab®r of the metallacarboranes, the
performance as electrolytes of]| and its chloroderivatives, [Gl]” (x=2-9), in the water
electrolysis process was used to ascertain if uadeln conditions these compounds also manifest
the surfactant properties. The experiments caoiggddrawn on the grounds of I/V curves of water
splitting into K and Q, fully support the sentence “although lacking #maphiphilic topology,
metallacarboranes behave as anionic surfactar2§]. $urfactants are amphiphilic compounds
meaning that they contain hydrophobic tails andrbgtilic heads but metallacarborané§ fJack
the amphiphilic topology characteristic of surfad$a [27] However, metallacarboranes at low and
high aqueous concentrations display many charattexi of surfactants: self-assembly in

micelles/vesicles, [I/Aormation of lyotropic phases, [17c] foaming [261d surface activity [31



[28]. Despite both clustersl][ and [b-1]", have a similar molecular structure, the typeootés that
generate the aggregates are expected to be véedif in the two cases.
2.2. Solid state.

To get information on the interactions between @alja [l]" clusters, a search at the
Cambridge Structural Database (CSD) [29] has beae,dvhich shows 76 hits of which only 5 of
them have an alkaline metal as a counteractionr His with N& (QAINAQ, [30] QIWTEV, [31]
QOLVES [32] and XUXMOU [33]) and one with 'K(QIWTIZ [31]). In the hits QIWTEV,
QOLVES and QIWTIZ, the alkaline cation (0.95 an®3L.A radius for N& and K, [34]
respectively) is coordinated into the [2.2.2]crymtacavity (approx. 1.4 A radius) [35] acting as a
super-cationic [Na[2.2.2]cryptand$pecies. In the hit QAINAQ, the Neation is six coordinate to
three chelating cyclotriveratrylene (CTV) ligantéisthe crystal structures QIWTEV, QOLVES and
QIWTIZ, parent ] clusters have been found featuring a chain in wkthe metallacarborané][
clusters are bound one to the next through simpdedauble dihydrogen bonds B-H- - - H-{36] as
outlined in Fig. 2. [3R

In the hit XUXMOU, [33 the crystal structure of [Nag®)s[Co(C.BgH11),] is reported but
its supramolecular structure is not studied. FagdBplays that Nacations form 1D chains through
the axisb, each N& cation being connected to the next one by thrédgimg H,O molecules. A
intermolecular dihydrogen B(8)-H(8)---H-O interanti whose d(H---H)= 1.954A, is observed
between thel]” anion an a bridging ¥ molecule of the Nacoordination sphere. While Fig. 3b
and 3c displays that each Na surrounded by four metallacarbone clusters:vetecules interact
with a short B-H---H-O contact of 1.954A (< sumvdW radii-0.4A) and the other two with
2.319A (< sum of vdW radii-0.3A).

Hence, the presence of both B-H andHCbonds in the structure is likely to be respolesib
for the formation of intermolecular dihydrogen beridat produce aggregates df in water. Thus,

the cluster GH units in [l]” are ready to generate B-H---H-@hydrogen bonds. When these



assemblies are surrounded by water molecules, ddept a stable conformation that avoids the
direct contact of the connecting non-bonding intBoms with water. Therefore, in an aqueous
medium, []° tend to aggregate in supramolecular entities, sindlarly to the surfactants, its
periphery must face water molecules. These interactand the dimension of the aggregates
prevent a facile rotation of the aggregate witlia H,O frame; the consequence is a widening of
theH NMR resonances in water. [37] Further evidencthefdistinct behavior of formation of][
aggregates in water was encountered i'fBend*'B{*H} NMR in aqueous solution. [36The*'B
NMR of H[1] exhibits much wider signals in water than in anamig solvent that would cause
disaggregation. Consequently, all thH [are present in organic solvent as free monomers in
solution.

2.3. NMR study of the H, Li*, Na" and K" salts of [1] in water.
The acid salt of cobaltabisdicarbollidelfjvas proven to form monolayer vesicles about 50imm
diameter at a concentration less than 13 mM in gt was clearly observed by Cryo-TEM.
[17a] However, a large increase in the hydrodynasiameter from 50 to 890 nm was observed by
dynamic light scattering (DLS) experiments aftee taddition of NaCl. Increasing the H|
concentration over 13 mM leads to a Coulomb explosif the closely packed monolayer vesicles
into small micelles (Fig.4). The result is the agegnce of both aggregation states at concentration
higher than 13 mM. The formation of monolayer viesicand small micelles was so far unknown
for water soluble carborane derivatives. [17a$ Itaported that NMR is a suitable method that was
well corroborated by surface tension and condugtivieasurements, to determine the mechanism
of aggregation. [38]
Following these studies, the N&* and Li" salts of cobaltabisdicarbollide were prepared dtjoa
exchange as an advanced alternative to the exingatocedure in diethyl ether that leads primarily
to the protonated cobaltabisdicarbollide. [39] Tet ghe desired cation counterbalancing the

cobaltabisdicarbollide, [37a] appropriately 100 ofgstarting Cs]] compound was dissolved in a



minimum volume of acetonitrile/water (50:50). Théime solution of Cg]] was passed repeatedly
through a cation exchange resin, previously loati¢id the desired cation. The solvent mixture was
finally evaporated. The solubilization of the nealtsn distilled water was indicative of the full
cation exchange or, alternatively if [NMEL] was the starting material, the disappearancénef t
[NMe4]* peak in théH NMR was diagnostic of complete exchange to therdd alkaline ion. Salts
of H*, Li*, Na and K of [1]" were obtained by this procedure and they werg thlaracterized
(S.1.).

To visualize the hollow structure vesicles of tha[lJl salt, Cryo-TEM images of 1 mM
agueous solution of N&[ were obtained and reported here for the firstetifig. 5 displays the
spherical nanovesicles of the Mpfalt with a diameter about 54 nm which is venmyifar to the
one of the H]] as written above.

NMR measurements give information about the moksuh the bulk of the solution,
therefore providing information on their aggregatia one particular solvent. To further evidence
the behavior of the aniong][ and its monoiodinated and diiodinated derivatiye4] and [b-1],
the *B{*H} and *H{*'B} NMR studies in RO of H[1], Li[1], Na[1], K[1], H[I-1], Na[I-1], H[I>-1]
and Nal}-1] at different concentrations (2.5, 5, 10, 20, & 60 mM) were carried out.

Contrary to what is expected for common moleculegvbich, as a general rule, the smaller
the molecule the slower the relaxation time andetioee a higher ability to record a meaningful
signal, in what concerns the aqueous behavior ff], Hi[ 1], Na[1] and K[1] it is observed from
the 'B{*H} NMR spectra of (Fig. 6) that wider resonances fmund at concentrations larger than
10 mM and that signals sharpness improve at lowecentrations. Easily observable is the fate of
the peak near -21 ppm that corresponds to B(6,8Q] [and is absent or non-visible at
concentrations ofl]]” higher than 10mM irrespective of the cation. Thissimilarity with proteins’
NMR signals, [41] can be interpreted by tumblingtimas of the aggregates df|[, which interfere

with the alignment of nuclear spin with the extérmegnetic field affecting thé'B{*H} NMR



relaxation data at various concentrations1gf. [These data indicate that at low concentratidmes, t
YB{*H} NMR spectrum displays a trace with sharp signefigreas at higher concentrations, above
10 mM, when micelles are generated the signalsrbeamider. Previous SANS investigation on the
self-assembly HJ] in water concluded that a large (undeterminedytfon of H[l] is under
monomeric form and only a small fraction oflfparticipate the formation of vesicles. Therefore
H[1] vesicles cannot be detected by NMR as they avdage and they are present at a too low
concentration. As a consequence the increase ibribedness of the NMR signal above around
10mM can be associated to the monomer to miceNesther remarkable feature of Fig. 6 is that
no noticeable differences are found between treesraf the"'B{*H} NMR of H[1], Li[ 1], Na[1]

and K[1] that suggests that the phase transition betweenlesmmonomer and micelles appears
between 10 and 20mM, for all tested cations. IndeedB{*H} NMR spectra show a clear change
in the signals’ sharpness and in the presenceeof2bppm peak at 10 and 20 mM forlH[Li[ 1],
Na[l] and K[1]. This is in agreement with the complementary swdiene with the X-ray/neutron
scattering techniques [17a] and surface tensioat, ithdicate an onset of micellization in this
concentration range (10-20mM). [28he ’B-NMR is an excellent probe then, complementary to
the others described to run aqueous experimentbef its short relaxation time (due'tB is a
guadrupolar nucleus) that magnify the visualizatdrthe processes that occur. We shall see that
the trace features of tHéB{'H} NMR are not observed in th#4{''B} NMR spectra, but other
distinct information is drawn from there.

Changes in the relative chemical shifts for sigrinlgshe *H{''B} NMR spectra of Naf] with
concentration and the assignment of B-H resonanaes been reported earlier.[37b] In our work,
the sharpness of the resonances in'tHé'B} NMR spectra of H]], Li[1], Na[1] and K[1] (Fig.

7), are quite similar irrespective of the concetidraand the nature of the cation. Contrarily te th
YB{IH}-NMR in which a better visualization with bettdefinition of the signals is found at lower

concentration, no major changes concerning thesanyeders is observed in thel{*'B} NMR



spectra of Hf], Li[ 1], Na[1] and K[1]. This supports the adequacy of tHB{*H} NMR spectra to
study these solution phenomena. However,'"H{¢'B} NMR spectra at increasing concentrations
contribute complementary information to the oneieged from the'B{*H} NMR spectra in the
same circumstances, and both data correlate withpkfase transition. A close inspection to the
'H{*B} NMR spectra in Fig. 7 indicate that all resonescappear at the same position,
independently of the cation and of the concentnatiexcept the one at 4.0 ppm at 2.5 mM
concentration. Indeed this resonance that correlspdo the GH remains invariant in the
concentration range 2.5 - 10 mM in which, the Mesicform but most of thel] is under
monomeric form (i.e. non-aggregated), however, wifienconcentration reaches 20 mM at which
concentration micelles are formed, thg-HC resonance is shifted upfield for all salts. Thas
consistent with a phase transformation of the dabaldicarbollide in which the highly hydrated
monomeric form, forming B-H---H-O-H (and possibly-HG--O(H)) hydrogen bonds, is
aggregated into the micellar form, in whick-I&- - - H-B dihydrogen bonds are likely to be formed.
On the contrary to &H resonance, the influence of this weak interactbo the B-H resonances
was not observed, probably because a large propodi the B-H remains hydrated even after
micellization whereas most.& resonance are involved in the formation of dilmggn bonds.

The IR spectrum of the HJ / Li[1] / Na[1] salts of the anionl] in solid state display
frequencies at 3591-3513 and 1641-1506" ¢hat are related to the presence of coordinatedrwa
in addition to the ones in the range 2619-2513" ¢hat are characteristic of the B-H stretching
frequencies of the icosahedral Boron clusters Sk
2.4. NMR study of the H, and Na salts of [I-1] and [I>-1] in water.

The starting cesium salts of [3;80(8-I-1,2-GBgH10)(1’,2’-C2BgH11)], ([I-1]") and [3,3-Co(8-I-
1,2-GBgH10)2], Cs[k-1], were prepared as previously reported. [42] [43]
It is also important to note that th#B{*H} NMR spectrum of monosubstituted C4[s the result

of the addition of the two individual [BsH:1]* n° ligands, as schematized in Fig. 8. Accordingly,
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the B{*H} NMR of monosubstituted Cs[l] (at the bottom in Fig. 8) is the addition of the
YB{H} NMR spectrum of the parent C§[(in the middle) plus thé'B{*H} NMR spectrum of
disubstituted Csjt1] (at the top). We had testétB{*H} NMR spectroscopy with other available
examples of B(8) monosubstituted derivativeslpfdnd it works extremely well. [42], [44] This is
therefore a remarkable tool to assist in the strattelucidation of derivatives ofl] mainly when
other techniques like COSY, GIAO are not applicable

The H and N4 salts of [I1]" and [b-1]" were prepared by cation exchange, as described
before, the correspondiftgB{*H} NMR studies in RO at different concentrations (See S.1.) were
carried out in similarity to th€B{*H} NMR studies done for]]” (Fig. 6). The traces of the spectra
at distinct concentrations of I} follow a trend very similar to the one observed-ig. 6 for [1]
salts. From these studies, one may conclude tlamibnoiodinated species J]J- produces the
phase transition at concentration higher that 15 fmMboth, H or N&, salts.

The ™B{*H} and *H{*'B} NMR spectra in DO of the H and N4 salts of the disubstituted
[1>-1]” species were also run at different concentrati@ris:5, 10, 20, 30 and 60 mM (Fig. 9). From
the study of the'H{*'B} NMR spectra at different concentrations, it cae observed that the
chemical shift of the EH vertex remains unaffected, see Fig. 9b. Notikete other'H{''B}
NMR signals are not as sharp as these found]]impd [I-1]". Again the'’B{*H} NMR spectra, see
Fig. 9a, is more informative, but not as much ag(ip and [I-1]" as all signals are wider. It also
shows the monomer/vesicles to micelles transitioiné same range of concentration, above around
5-10 mM. Therefore the influence of the derivaiimatby iodine from 1], to [I-1] to [l>-1] does
not influence significantly the critical micellizab concentration, at least within the precision of
the procedure used here to estimate critical r@@@hcentration (cmc + 5 mM).

Further, the temperature depend&®{'H} NMR studies of 0.1 M and 1 M solutions of
H[I>-1] salt in agueous and acetone solutions in the ¢eatpre range +2Q / -60°C was performed

(Fig. 10 and 11). It was shown previously that tgptc lamellar phases were formed by HI] in
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this concentration range and at temperatures b&5@ at 0.1M and below 30°C at 1M. [17c] It is
observed that the solvent {Bl or acetone) and the metallacarborane concemtratfluences both
the color of the solutions as well as the NMR s@edt should be noted that the lamellar phases
formed by [b-1] are in crystalline state, as clearly seen in thieAZS spectra, [17c] and can
therefore not be seen with liquid NMR. In the poad investigation by Brusselle et al. it was
shown that the lyotropic lamellar phase)(forms in equilibrium (coexistence) with a micella
phase (k). As a consequence, the liquid NMR performed leiamms on the liquid state of;Hl],

i.e. as monomers and as micelles.

The temperature depender¢B{*H}-NMR of 0.1 M and 1 M solutions of Hf1] salt in
aqueous (Fig. 10 and 11) produces again ill defsmettra, as expected fog-ll” micelles, that
worsen by decreasing T. The decrease in T reinddiee formation of lyotropic lamellar, as seen in
the water/[}-1]" phase diagram. [17c] As a consequence, the decieabe quality of the NMR
resonances by decreasing temperature can be dedotwathe decrease in the concentration of
micelles in favor of the formation of lamellar ppa©n the contrary theB{'H} NMR in acetone
at 0.1 M produces well defined signals (Fig. 12hjcl is not surprising as acetone is known to
disassemble aggregates in monomers, that are feoteaf by lowering temperature. However at
1M in acetone, the NMR resonances become broadetefaperature below -20°C which is
possibly due to an aggregation process, such aellEamphase formation (see Fig. 11).
Interestingly, this informs on the strong tenderafy[l,-1]" to self-assemble even in highly
destructuring solvents such as acetone.

To lightening on the interactions between adjaflent] clusters, a search at the Cambridge
Structural Database (CSD) [45], [29b] was done:it$ (codes DEXPIF, [46] IHOHAP, [9a]
IHOHET, [9a] and IHOHIX [9a]) were found that comtdl,-1]" clusters. In all of them theyfl]
ions present a two-fold symmetry with the two iaetoms irtrans position, as shown in Fig. 1,

which represents thieansoid conformer being the most stable. The presencatefmolecular B-
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H®*.. *H-B dihydrogen bonds of 3.500 A are observed insthiéd state for the [BEDT-TTF}j#1]
(CSD code IHOHAP) [9a] (see S.lI.), which matchethwine 2D arrangement separation found in
the lamellae phase of HfL]. [17¢]

2.5. Computational analysis of the intramolecularnteractions

At the first stage, separate single anionic spefdgEsand [b-1]" were studied to reveal possible
intramolecular interactions, which could affect fiveal structure of the complexes and their self-
assembly. The two dicarbollide cages can takereéifiteconformations when bonding to metal ions
in the dicarbollide complexes. Fig. 13 shows thigedént options in the §##1]° rotamers, which
were fully optimized at the DFT level of theory aifé possible intramolecular interactions studied
with the QTAIM methods. The obtained bond paths laowid critical points as well as relative total
energies are reported in Fig. 13.

In both complexes, thieansoid conformer with the carbon atoms at the oppositessof the
two dicarbollide ligands was energetically the miastorable one. The same energetic preference
was found in a previous computational study, whiskd a different density functional method for
optimizing the 1] structures. [22] However, irl] anionsgauche andcisoid conformers showed
rather similar stability, which would make themddxe in suitable experimental conditions. I [l
1], thetransoid conformer was clearly preferred, and especiakyctioid conformer was about 66
kJmol* less favorable, indicating that this structuréess likely to be found in the crystal structure
of the compounds. Experimentallyl]T crystallizes asisoid conformers, but §t1]” as thetransoid
conformer, which is in agreement with the relato&l energies.

In the case of jt1]’, there are additional weak intramolecular intecaxs between iodine
and G-H hydrogens (Fig. 13), which further stabilize tbieucture, and determine the relative
orientation of the two cage ligands in the molectierefore affecting the self-assembly. Table 1
lists the properties of the intramolecular intei@ats in the different conformers of the-[l]”

molecular model according to the QTAIM analysis.
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The intramolecular interactions consist of hydrogending of either B-H- - -1-B or&H- - - I-

B. The properties of the interactions shown in €ablindicate that both interactions are clearly
non-covalent in nature because of the small vafuglextron density at the corresponding BCPs,
and the |V|/G value is less than 1. [47] The pasitiaplacian (second derivative of electron
density) shows depletion of electron density at bloed critical point, again typical for non-
covalent interactions. Small interaction energyesponds to weak hydrogen bonding interactions.
Notably, the G-H---I-B interaction is slightly stronger than tBeH- - -1-B one, which can be one
reason for the larger stability of theansoid conformer, since all the intramolecular interagsio
originate from the H in this conformer. On the other hand, in theid conformer the iodines
are located too far from the carbon atoms to forgHC - 1-B interactions, and consequently the
cisoid conformer is the least favorable of thgJ]” structures.

Intramolecular interactions have a clear effecthantotal atomic charges of iodine atoms in
the different conformers. Even though the chargéefinteracting hydrogen atoms remain rather
constant, the negative charge of iodine increaséisel order otisoid < gauche < transoid. This is
a result of change in the nature of the intramd&cinteractions from B-H---1-B to&H- - -I-B,
where the latter was also found energetically sfeonInterestingly, the positive charge of the
central cobalt also increases in the same ordexs@ Bubtle changes in the charge distribution are
potential sources of various intermolecular inteoas, when the molecules assemble into
aggregates.

2.6. Computational analysis of the intermolecularnteractions and self-assembly

To study the weak intermolecular interactions ia tholecular assemblies of th# [and [b-1]
structures, we analyzed the charge densities falets@resented in Fig. 14, which show the 2-unit
models together with the shortest intermolecul&eractions. The analysis of the intermolecular
interactions was done with non-optimized models duectly from the experimental crystal

structures (QOLVES [32] in the case &f [, and IHOHAP [9a] in the case ok{l]’). The models
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consisted of two adjacent anionic complexes andduater ions were omitted, since the focus was
in the hydrogen bonding interactions between theptexes. Table 2 lists the selected properties of
the electron density at the corresponding bonetalipoints for interactions shown in Fig. 14.

According to the QTAIM analysis, all intermoleculateractions are non-covalent and very
weak. It should be noted that Table 2 shows orgystiortest intermolecular interactions, while the
full view of the interactions present in the sobtate structures is shown at the supporting
information (Figures S1-S5). Especially in the-J) cluster, the interactions are far more
complicated than have been shown above in FigThdtefore, even though the hydrogen bonding
interactions between the iodine substituted congdexere somewhat weaker than in the parent
model, the additional B-H---H-B and B-H- - - I-B iafgions were able to stabilize the structure.

The electrostatic nature of the intermolecularraxtgons can be seen when the total atomic
charges are compared for interacting hydrogen atortige 2-unit models. As can be expected, the
hydrogen atom attached to bororg, hows a negative partial charge, opposite tohiftrogen
atom attached to carbon {}{ which is clearly positive, giving a relative c¢ba distribution of B-
Hg®- - *"Hc-Ce.

Intermolecular B-H'H-C; interaction was found to diminish both the pogtsharge of id
and the negative charge of lih the previous computational study of ti¢ [crystal structure. [22]
Similar trends can also be seen in our compountenwompared to the charges obtained for the
separate molecules. When the &hd H; charges are compared between the monomers (Table 1
and dimers (Table 2), it can be noted that thenmdéecular B-HH-C; interactions indeed include
charge transfer between the molecules. The B+HB interactions do not have similar effect on the
charge distribution, therefore indicating weakespersion interactions. However, there is obviously
a summarized effect of the weak interactions, sithedarger number of the interactions will lead to

larger stabilization of the molecular assemblyhia $olid state.
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The extended 4-unit models dfifand [b-1]  were also studied to find out more on the role
of intermolecular interactions in self-assembly angkstal packing (Figs.S3 and S4). Ij | there
are discrete chains of molecules, and the chainsodateract directly. Because the complexes are
found in thecisoid conformer in the crystalline state, the 2D asse@sldre not preferred like they
are in the more symmetricttlansoid conformer of complex 1] in the solid state. Furthermore,
in [1.-1]°, there are additional hydrogen bonding interastiavhich make the molecules to arrange
in 2D layers. The iodine substituent seems to h@vemportant role in determining the self-
assembly, since they are forming additional wed&ractions not with the counter ions but with
adjacent complexes. The symmetrical 2D arrangeneerdlso a result of having the iodine
substituent symmetrically pointing out in opposlieections, ie. irtransoid conformation.

In addition, the role of the Nacounter ion in the self-assembly of thH [anions was
studied by analyzing the intermolecular interactiopresent in the crystal structure of
[Na(H20)4][Co(C2,BgH11)2] (code XUXMOU). [33 The model with the numbering of the bond
critical points is presented in Fig. S5, and theperties of the electron density at the selecteB@8C
according to the QTAIM analysis is shown in TabldrBwater solution, Naions naturally form
solvated structures, and in the crystal structime fairly strong electrostatic N®H, interactions
(Ent = -21 kImof) remain, forming Na(kD), chains with octahedrally coordinated 'Nans. The
[1] anions self-assemble around the counter iondageaed structurgia several B-H'H-O bonds,
the strength of which is comparable with the on@sioed for the intermolecular dihydrogen bonds
found between the adjacent anions in the chaindikecture of I]° (QOLVES, Table 2). This
indicates that the dihydrogen-bonding interactiavith the counter ions have a co-operative
influence on the self-assembly of the dicarbollaenplexes together with the Bgft - *Hc-C.

bonds between adjacent anions.

3. Conclusions:
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Salts of N&, K and Li" of cobaltabisdicarbollidel]” were prepared by cation exchange as
an advanced alternative to the extraction procedurdiethyl ether that leads primarily to the
protonated cobaltabisdicarbollide. The study of #@wailable crystal structures has revealed the
intermolecular dihydrogen B(8)-H(8)- - - H-O interanti in which the HO molecule is at the Na
coordination sphere. Further, the clustefHC units in [l are ready to generate B-H---H-C
dihydrogen bonds. The presence of both B-H and. laébds in the structure of][ is likely to be
responsible for the formation of intermolecularyditogen bonds that produce aggregatedofirh
water. When these assemblies are surrounded by matecules, they adopt a stable conformation
that avoids the direct contact of the connecting-bonding interactions with water generating
supramolecular entities. This is observed in*fis *H} NMR of M[1] (M= alkali or H") in water
that exhibits much wider signals than in an orgalvent that causes disaggregation. The wider
resonances are found at concentrations largerianM, but as expected the more sharp signals
are found at lower concentrations. At concentratilmwer than 10 mM vesicles had been observed
with other techniques like CryoTEM or SANS. Thies®d to be in contradiction as the widening
of the signals can be interpreted by tumbling nmatiof the aggregates affecting tB{'H} NMR
relaxation data at various concentrations1pf [However, these data corroborate other information
from the SANS investigation on the self-assemblyH§f] in water that concluded that below 10
mM a large fraction of Hl] is under monomeric form and only a small fractadrH[1] participate
the formation of vesicles. Therefore tHB{*H} NMR of H[ 1] at concentrations lower than 10 mM
corresponds to the monomer and that the phaseitioangs due to the monomer to micelles
transformation. Another remarkable feature obtaiffech the'B{*H} NMR of all alkaline salts
and proton suggests that the phase transition betwesicles/monomer and micelles appears
between 10 and 20mM, for all tested cations. ¥B&'H} NMR is, therefore, an excellent probe to
visualize the processes that occur. Ti#{''B} NMR spectra at increasing concentrations

contribute interesting complementary informationtie one retrieved from thE€B{'H} NMR,
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particularly in what concerns B-H---H-O-H (and plolysC.-H- - - O(H)) hydrogen bonds, in which
CH---H-B dihydrogen bonds are likely to be form@d.the other hand, the traces of the spectra at
distinct concentrations of fl} follow a trend very similar to this observed fdj [salts indicating
that similar phase transitions occur although ightly different concentrations higher than 15 mM
for both, H or N&, salts. It is then found that the derivatizatigniddine from [L]", to [I-1] to [l,-

1]" does not influence significantly the critical mication concentration, at least within the
precision of the procedure used here to estiméieatmmicelle concentration (cmc £ 5 mM).

Overall, the intermolecular B3 - *"Hc-C interactions can be suggested to have a malerimo
the formation of the self-assembly of the cobalidimarbollide anions in aggregates. The number
of the intermolecular interactions is affected by differences in the conformational molecular
structure, especially in the case of large sulestit capable of polarizing the charge, such as
iodine. Intramolecular I---H-C interactions leadoteferredtransoid rotamer in [$-1]", which can

in turn form B-H---1-B hydrogen bonds between asljenolecules and, consequently, 2D layers
leading to a lamellar arrangement of the moleculasthe other hand, the stronger intermolecular
B-H H-C interactions in theisoid rotamer of 1] facilitate the assembly of the molecules in the
chain-like manner, therefore leading to vesiclerfation. On the other hand, the self-assembly can
also be affected by the coordination of the courdes, as was found to be the case in the crystal
structure of [Na(HO)4J[Co(C:BgH11)2], where a layered 2D structure was formed instefaa 1D

chain.

4. Experimental section:
Cs[l] was from Katchem and it was used as received. ¢j(M1] and [NMej][l>-1] were
synthesized from C§[ as reported at the literature.[42] [43]

The Nall] was obtained by means of cationic exchange ffesin Cs[l]. Approximately 2/3 of the
volume of the column (30 cm) was filled by the agly acidic cationic exchange resin (Amberlite
IR120, H form). Before starting, the cationic resias kept 24 h in HCI 3 M to hydrate it. Then,

150 mL solution of HCI 3M was slowly passed throulgh column to load it with H To remove
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the excess of HCI, distilled water flows down th@uenn fast till neutral pH. When the desired
cation was sodium, a solution of NaCl 3M was paskeolugh the column slowly to exchangé H
by N4 till neutral pH. Distilled water was used to rirthe excess of NaCl through the column. To
know if NaCl was removed, 3 drops of a solutiorAgNO3; 100 mM was added to a small fraction
of solution coming out of the column until a clesolution is observed. Then, 30 mL of
acetonitrile/water (50:50) mixture was flown thrbughe column to set the column’s liquid
composition. Approximately 200 mg of Q$[ was dissolved in a minimum volume of
acetonitrile/water (50:50) and let to go repeate@ytimes) through the cationic resin. Before
collecting the solution containing the metallacadm®, 50 mL of fresh acetonitrile/water (50:50)
was added to the column. 50 mL were collected fltask, the solvent was evaporated and the
compound was dried in vacuum. The N&[land Na[}-1] salts were obtained by means of cationic
exchange resin from [NM§I- 1] and [NMe][l >-1].

The Li[1] and K[1] was obtained also by means of cationic exchaegm from Cs[]. The same
procedure as N&J but instead of loading the column with NaCl 3 sélutions of LiCl 3 M and
KCI 3 M were, respectively, used.

The HI[1], H[I-1] and H[k-1] were obtained by liquid-liquid extraction from [@k [NMey][l- 1] and
[NMey][I 2-1], respectively. Approximately 200 mg of @kjwas dissolved in 20 mL diethyl ether.
The sample was transferred to a separatory funmell® mL HClI 1 M was added. Two phases
were formed and by shaking the metallacarboranelgapassed through the organic layer. The
organic layer was shaked three times with HCI 13 15 mL) to change completely C® H'.

The metallacarborane was collected in a flask aredldvith anhydrous MgS£xo remove residual
water. Then, the ether slurry was filtered, thehjieether was evaporated and the compound was
dried in vacuum. ThéH NMR spectra of the salts Hl}, Na[l-1], H[l.-1] and Na[-1] do not
display the peak at ppm that corresponds to theg/{iMeing a clear evidence of the absence of
[NMey]".

Instrumentation. The *H, *B{*H} and *H{*'B} NMR (300.13 MHz) and"B and*'B{*H} NMR
(96.29 MHz) spectra were recorded on a Bruker ARR Bistrument equipped with the appropriate
decoupling accessories. All NMR spectra were peréat in O or acetone deuterated solvents at
22°C except the dynamic studies. THB and *B{*H} NMR shifts were referenced to external

BF;- OEb, while the'H and*H{*B} NMR shifts were referenced to SiMeChemical shifts are

19



reported in units of parts per million downfielemn the reference. IR spectsg ¢m-1; ATR) were
recorded on a Shimadzu FTIR-8300 spectrophotometer.

CryoTEM sample was prepared from a 1 mM aqueoustieal of Nafl]. Vitrified
specimens were prepared by placingL3of the sample suspension on a 400 mesh coppmggh
a holey carbon support. Each sample was blottedthn film and immediately plunged into liquid
ethane in the Leica CPC cryoworkstation. The gnese viewed on a JEOL 2011 transmission
electron microscope operating at an acceleratiigg® of 200 kV. The microscope was equipped
with a Gatan cryoholder and the samples were magdaat -177°C during imaging. Electron
micrographs were recorded with the Digital Micrq@resoftware package under low electron dose
conditions, to minimize electron bean radiationagfas were recorded on a Gatan 794 MSC 600HP

cooled charge-coupled device (CCD) camera.

Computational methods and models.

All models were calculated with the Gaussian 0Q@m package [48] at the DFT level of theory.
The hybrid density functional PBEO [49] was utilizeongether with the basis set consisting of the
def2-TZVPPD [50] triple-zeta-valence basis set witlo sets of polarization and diffuse basis
functions for Co atoms and the standard all-ebectrasis set 6-31G(d,p) for all other atoms. To
study the electronic and interaction propertieshef complexes, we performed topological charge
density analysis with the QTAIM (Quantum TheoryAtbms in Molecules) [51] method, which
allowed us to access the nature of the bondingcaieulating different properties of the electron
density at the bond critical points. The analysaswlone with the AIMAII program [52] using the
wave functions obtained from the DFT calculatioflse models for the solid state structures were
directly cut from the corresponding experimentaistal structures and analyzed without geometry

optimization.
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Supporting Information

The Supporting Information includes the full chaeaization of the reported compounds IH[
Li[1], Na[1], K[1], Na[l-1], Na[l,-1]); “B{*H}-NMR study in D,O of the H[I1], Na[l-1] at
different concentrations (5, 10, 15, 20, 25 andr8d); 'B{*H} NMR dynamic study of 0.1M and
1M aqueous solutions dfi[l -1] in the temperature ranges 50°C / 12°C and 23°Q09C;1
respectively'B{*H} NMR dynamic study of 0.1M and 1M solutions dfl »-1] in acetone into the
temperature ranges 23°C / -50°C and 23°C / -6@%pectively; a view of the crystal packing of
[BEDT-TTF],[l>-1] (CDS code IHOHAP) displaying the B-H---H-B intexecular interactions.
Figures of bond paths and bond critical pointhim 2-unit model of]’, in the 2-unit model of
1], in the 4-unit model of]’, in the 4-unit model of §+1]  and in the 4-unit model ofi] with N&’

counter ions surrounded with water molecules.

Acknowledgements

The authors would like to acknowledge support frdme Spanish Ministerio de Economia y
Competitividad CTQ2013-44670-R, and the GeneralitatCatalunya (2014/SGR/149) and the
European Network on Smart Inorganic Polymers (SIBST CM1302 project. Grants of
computer capacity from the Finnish Grid and Cloudfrastructure (persistent identifier

urn:nbn:fi:research-infras-2016072533) are alstefuly acknowledged.

21



Figure 1. Icosahedral numbered metallacarboran8s{®(1,2-GBgH11)2] , [1], and [3,3’-Co(8-I-

1,2-GBgH10)2], [I12-1] .
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Figure 2. Packing of the [Na[2.2.2]cryptarij]vith the formation of 1] aggregates stabilized by

double intermolecular dihydrogen bonds, shown eheld lines. The figure is adapted from the

reported crystal structures. [32
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Figure 3. Packing of the [NagB®)4][1]: a) displays the Naforming a 1D chain through axisand

b) that each Nais surrounded by foud]” anion clusters through the asstructure in which the
blue lines display van Der Waals interactions sratian sum of vdW radii — 0.30 A that
correspond to B(12)-H(12)- - -H-O and B(10)-H810)-©.1t) The blue lines display van Der Waals
interactions shorter than sum of vdW radii — 0.4t correspond to B(8)-H(8)- - - H-O of two

molecules. The figure is adapted from the repoctgdtal structure (CDS code XUXMOV). [B3

a)
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ACCEPTED MANUSCRIPT

Figure 4. Representation of the monolayer vesmlesbaltabisdicarbollide anionl][.
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ACCEPTED MANUSCRIPT

Figure 5. Visualization by Cryo-TEM of the hollowcture of the Ndl] vesicles from a 1 mM

agueous solutio.he depicted part of the figure corresponds tchtiley carbon support.
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Figure 6. B{*H} NMR studies in DO of the H[], Li[1], Na[l] and K[1] at different
concentrations: 2.5 mM (in pale green), 5 mM (iadil), 10 mM (in green), 20 mM (in purple), 30

mM (in blue) and 60 mM (in red).
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Figure 7."H{*'B} NMR studies in RO of the H{], Li[ 1], Na[1] and K[1] at different

concentrations: 2.5, 5, 10, 20, 30 and 60 mM.

H* Lit
JOTNY R N N N W O W O AN A A
5mM,/)g_L_A_, A AN A { S N N Y
0mM  f kA A __JL_L_M_LM_A/L“
L1V WS U SUUD ¥ U U S | S N N N
somM )\ N e
60mM LMWV\L JL J A N N N

5 50 45 40 35 20 25 20 15 10 55 50 45 40 33 30 25 20 15 10

. 5 "

Py A J\ oW _ _K_JL_JL_HMJ W
5mM_JLJL B W S W R U U U W S V. S
oM | ). U G SR G U U W G v
20mM JL U, G W\ S ___L__Jk__,,\_,\_f;__/ug
30mM A\__,\,d;__,/\"’\\ l S S S
60mM J\__/v\/\_//\/\& j LJV\»\_JM\_

5 50 45 40 35 3.0 25 20 1.5 5 50 45 40 3.5 3.0 25 20 15 10
f1 (ppm) f1 (ppm)



Figure 8B{*H} NMR spectra of [-1] (in red), [l] (in blue), [I]" (in green) run in acetone.
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Figure 9.1B{*H} and 'H{*'B} NMR spectra in RO of the Na[}-1] at different concentrations (2.5,

5, 10, 20, 30 and 60 mM).
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Figure 101*B{*H} NMR dynamic study of a 0.1M solutions of H{1] in aqueous (left) and

acetone (right) media in the range +20°C/-10°C.
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Figure 11.™B{*H} NMR dynamic study of a 1M solutions of Hfl] in aqueous (left) and acetone

(right) media.
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Figure 121*B{*H} NMR spectra at room temperature of a 0.1 M sohubf H[l»-1] in water

(black) and in acetone (red).
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Figure 13Intramolecular interactions present in the diffén@tamers of the 1] structure. Bond

paths and bond critical points (BCPs) are calcdlatxording to QTAIM method. Corresponding

numbering of the BCPs is used also in Table 1. Cadbeme: blue = Co, gray =,@ink = B, white

=H, purple = 1.

cisoid
[1 15.7 kdmol!
[1,-1]" 65.9 kdmol’

3.5 kdmol!
19.7 kJmol!

transoid

0.0 kdmol’
0.0 kdmol"
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Figure 14 Two-unit models for thel]” (a) and [}-1] (b) structures. The shortest hydrogen-bonding
interactions (predicted by QTAIM) are shown as grdashed lines. Numbering of the interactions

is followed in Table 2. Color scheme: blue = Caygr C, pink = B, white = H, purple = 1.
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Table 1. Properties of the electron density acogrdo the QTAIM analysis at the corresponding
bond critical points (BCPs) in the different rotasef the [p-1] structure. The selected properties

are: d=distance between interacting atoprs;local electron density at the BCP; Laplaciaf’ ()
= second derivative op ; |V|/G = ratio of potential energy density anddtio energy density; &

= interaction energy between two interacting atoggbls) = total atomic charge of hydrogen atom
attached to B; q(b) = total atomic charge of hydrogen atom attactee@,tq(l)= charge of iodine,

d(Co)= charge of cobalt.

BCP# | type [ d(A) [ peA®) [ TPp(eA® | IMIG | Enr(kImol®) [ a(He) [ a(Ho) | a() [ a(Co)
cisoid
1 B-H...I-B 3.030 0.067 0.701 0.78 -6.2 -0.590 -0.3740.564
2 B-I...1-B 3.952 0.060 0.474 0.87 -5.0 -0.374
gauche
1 B-H...I-B | 3.223 0.053 0.566 0.76 -4.8 -0.590 -0.406 0.577
2 C-H...I-B | 2.854 0.082 0.856 0.85 -8.6 0.109 -0.406
transoid
1 C-H...I-B 2.909 0.076 0.798 0.84 -7.8 0.108 -0.421 .598
2 C-H...I-B 2.909 0.076 0.798 0.84 -7.9 0.108 -0.421

Table 2. Properties of the electron density acogrdo the QTAIM analysis at the BCPs of
intermolecular interactions in the two-unit modefq1]” and [b-1] . The selected properties are:
d=distance between interacting atoms: local electron density at the BCP; Laplaciai’( ) =
second derivative op ; |[V|/G = ratio of potential energy density anddtino energy density; kr =

interaction energy between two interacting aton{big}j = total atomic charge of hydrogen atom

attached to B; q(b) = total atomic charge of hydrogen atom attacloe@.t

BCP# | type | dA) | peAd | D%@EA% | IMIG | Enr(kdmol™® | qHs) |  q(He)
(1

1 B-H...H-C 1.972 0.083 1.066 0.79 9.6 -0.662 0.097

2 B-H...H-C 2.247 0.046 0.563 0.71 42 -0.684 0.097

3 B-H...H-C 2.267 0.042 0.495 0.70 3.7 -0.684 0.086
(-1

1 B-H...H-B 2.444 0.034 0.406 0.63 25 -0.668 -0.850

2 B-H...I-B 3.357 0.038 0.387 0.69 2.8 -0.673 -0Mo5

3 B-H...H-C 2.455 0.028 0.346 0.62 21 -0.668 0.127

hydrogen at the second Bjodine charge
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Table 3. Properties of the electron density acogrtth the QTAIM analysis at the BCPs of
intermolecular interactions in the 4-unit mode[Hf with (Na(HO),)" counter ions. The

numbering scheme of the BCPs is presented in Big. S

BCP# type d(A) p(ehd) 0%p(eA®) IVI/G Ennr(kdmol™®)
1 B-H...H-O 1.954 0.072 0.954 0.83 9.2
2 B-H...H-O 2.251 0.043 0.636 0.71 -4.7
3 B-H...O-H 2.408 0.029 0.454 0.67 -3.1
4 B-H...H-O 2.319 0.040 0.648 0.69 -4.6
5 Na...O-H 2.408 0.112 2.315 0.81 -21.3
6 0...0 3.162 0.039 0.533 0.90 -5.9
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HIGHLIGHTS

1) Salts of H, Na', K" and Li" of cobaltabisdicarbollide anions were prepared to
decipher the role of the cation in aggregates ftionan water.

2) The'B{*H}-NMR is an excellent probe to visualize the phas@sition between
vesicles/monomer and micelles/monomer in cobaltidasbollide anions.

3) The intermolecular B-gf- - ®*Hc-C interactions have a major role in the formation
of the self-assembly of the cobaltabisdicarboladéns in aggregates.



