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Dendrimer—Tetrachloroplatinate Precursor Interactions. 1. Hydration of Pt(Il) Species and
PAMAM Outer Pockets
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Density functional theory is used to investigate the structure and energetics of the tetrachloroplatinate anion
and its hydrolysis products at several degrees of hydration, as well as those of outer dendrimer pockets hosting
such species. The number of water molecules able to saturate an unprotonated outer dendrimer pocket is
found to be two, as inferred from calculated thermodynamic data. However, such a number could not be
established for a protonated pocket where the dendrimer adopts a more open configuration. An analysis of
possible pocket configurations is done on the basis of the orientations of the amide O atoms in the outer
pockets. The effect of explicit water on the infrared spectra of the dendrimer pockets is reported and compared
to experimental values.

1. Introduction simplest and smallest OH terminated dendrimer because it
has a number of branches equal to the number of branching
points (four as the core molecule is ethylenediamine (EDA));
G1-OH grows a “layer” of branches (eight branches) upon GO-
OH; in G2-OH 16 more branches are added upon G1-OH, and

Nanotechnology has grown in importance because of its
promising applications in many technological and scientific
areas, especially in electront@nd catalysid.Controlled design
of nanoparticles is one of the vanguard areas of research in

X . . - - so forth.
catalysis and involves an exhaustive analysis of materials and™ " e is k h h | .
manufacturing processes. Because it is desirable that catalysts Little iS known about how and to what extent complexation
be highly active and efficient, a good catalytic design requires and related reactions are affected by environmental factors.

a thorough understanding of the processes involved in catalysttioWever, the effect of the pH on the dendrimer structure has
manufacturing, so that the design may be improved and been determinet this effect depends on the nature of the
controlled With, more ease dendrimer terminal group. It is also known that, upon dissolu-

. - dion, the precursor salt #RtCl, hydrolyzes in aqueous solution
Metal nanoparticles used as nanocatalysts can be obtained'" - . R
through a number of techniqué$.Templated synthesis with S PtCé(H?O) Salndh Ztcli(H?o)? lgepeindl_ng on ';Sé'n':(';l
tetrachlorometallate alkaline salts as precursors in the liquid coPcentratlon. althydrolysis yields also ions such asaid.
phase has been extensively used in the production of Pt, Pd,CI that can affect the binding of metall_lc precursor species.
and bimetallic PtPd nanoparticle® The study of small Although Pt(ll) and Pd(ll) tetrachloroplatinate are extensively

e
nanoclusters generated by these techniques has recently receivef€d as precursofs?in this work we focus our study only on
attentionlo-12 t(ll) precursors.

The small size of the nanocatalyst poses a challenge to its e perform quantum mechanical density functional theory
fabrication because sintering may take place during calcination (OFT) calculations on model systems. In order to gain insights
treatment® or even at reaction conditiod$. Therefore, a ~ @bout the effect of the pH and solvent on outer pockets, we
comprehensive study of the interactions between precursorModel hydroxyl-terminated PAMAM poly(amidoamine) den-
molecules and the substrater template-where nanoparticles ~ drimer environments. Regarding the effect of pH, our present
nucleate and grow may prove useful as those interactions areMolecular model of an outer pocket cannot describe the changes
most likely to influence the processes involved in the evolution N the complete dendrimer configuration as a function of pH,
of the nanocatalyst structure and, consequently, of its physical@S Previously reported in experimental studieblonetheless,
and chemical properties. In templated synthesis of nanoparticles2ny configurational change in the pockets should propagate to
one such process is the complexation of the metal precursorthe global conflguratlon of_the dend_rlmer, even if _the pockets
with the host molecule, for example, a dendrimer. A dendrimer @ré located in the dendrimer periphery. Experimentally, a
is a macromolecule composed of a core molecule, repetitive Progressive protonation of tertiary amine sites has been observed
units (branches) stemming from a common point (branching @S the pH was decreased. However, at a giverraiound 3-
point) in a dendrite-like manner, and terminated with surface Protonation is total and a further decrease in pH does not seem
groups such as-NH, and —OH. The following nomenclature to promote further protonatiod.Therefore, it is clear that two
is generally used to name a dendrimerx-& where “G” stands scenarios can be targeted: the absence and presence of proton
for “generation” closely related t, the number of “layers” of on tertiary amine sites. Some IR spectral features are reported
branches (minus one) grown from the core molecule, and “S” and discussed in relation to previous wé#lA high pH scenario

stands for the surface group. Thus, a G0-OH dendrimer is the €annot be considered here; the binding of hydroxyl ions to
pockets is addressed elsewh&dlso, because the dendrimer

* To whom correspondence should be addressed. E-mail: balbuena@Surrounding medium does not have a well-defined dielectric
tamu.edu. constant, a continuum model is not a convenient representation
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of such a medium. We have tried to circumvent this by adding
explicit water molecules inside the pocket, thus accounting for
local solvent effect. Finally, we report and analyze the relative
stability and structures of tetrachloroplatinate species and their
hydrates upon interaction with water. This is relevant for further
work® where we study the binding of the counterions (ICI7)

and tetrachloroplatinate anion and its hydrates to the dendrimer
sites.

One of our aims in learning more about the conformation of
Pt(l) complexes has been to elucidate details of their binding
to water, because the extent of such binding may have an
indirect impact on the dynamics of the outer poeketecursor
interaction. Thus, for a solvated Pt(Il) complex that approaches
the dendrimer pocket, we are interested in determining if their
hydration waters may migrate out of the Pt(Il) complex first
coordination shell as the complex becomes closer to the
dendrimer pocket: pockemetal precursor interactions will ease
conditions for precursor encapsulation insofar as the Pt(Il)
complex orients its weakly bound waters toward the pocket as
it moves toward it. We are also interested in determining the
number of waters that saturate a dendrimer pocket with the goal
of analyzing the details (to be reported elsewhere) of the
exchange of water for Pt(ll) complexes inside the pocket.

Once we have characterized the hydration of the complexes
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CHART 1: Pictorial Representation of a G2 Dendrimer
lllustrating the Difference between Outer Pocket and
One-Layer-Inner Pocket

outer pocket

one-layer-inner pocket

a Quter pockets are the outermost pockets delimited by two branches.
One-layer-inner pockets are also delimited by two branches, but they
are located closer to the core: the center of the dendrimer.

and their interactions with the pocket sites, we discuss a generalbbvious impact of the condensed phase on the dendrimer
scheme of the possible pocket configurations based on theproperties is that of the solvent. For instance, its polarity is
relative positions of their amide oxygen atoms, and the effect expected to affect the conformation of a dendrimer in solifon.
that such configurations may have on the dendrimer conforma-\We chose water as a solvent because aqueous solutions of

tion for unprotonated and tertiary amine protonated pockets.

2. Models and Computational Procedures

We use the B3LYP hybrid flavor of DFT along with Hay
and Wadt pseudopotenti&ldor Pt and 6-3%g(d) basis set for
all other atoms. None of the calculated structures for tCl
and PtCJ2~—H,0 have stable states with spin multiplicities
higher than 1. Although not all our modeled species are anions,
for the sake of consistency we have used the same method an
basis sets when calculating cations and neutral species. Tw
tests were done to validate the combination DFT functional/
basis set. First, we tested the suitability of this combination to
reproduce the proton affinity (PA) of N(G), trimethylamine.
We obtained values of 222.8 kcal/mol for the proton affinity

(PA = —AHy), Whereas the available experimental value is :

226.7 kcal/mokP!
Second, the suitability of combining B3LYP/6-3#(d) for
light atoms and Hay and Wadt relativistic pseudopotentials

dendrimers are ubiquitous in templated nanoparticle synthesis
where dendrimers are the host molecules. An important question
relates to the distribution of water molecules once they enter
the dendrimer. To answer this question, we first realize that a
complete dendrimer, especially one of generation larger than
GO, is intractable by current quantum mechanical (QM)
methods. Fortunately, the interactions between any species and
the dendrimer are more likely to be local because such species
would have to overcome interactions with the dendrimer outer

ockets before being able to reach the inner voids. This should

e especially true in the early stages of their interactions (Chart
1). The effect of binding of water in a tertiary amine protonated
pocket is also studied. We consider a pocket made out oftwo
rather than more than twebranches because computational
demand scales with system size. Our outer pocket model is a
good starting point toward understanding how strong the binding
inside the pockets is and which dendrimer atoms participate in
such binding.

Thermodynamic quantities (binding energy, enthalpy, and free

(LANL2DZ) for transition metal atoms was tested. Calculations energy) of the complexation process and the associated geo-
for Ni hydrates were made with two basis sets: 6-31g(d) and Metric properties (bond length, bond angles) of involved species
6-31+g(d). The gas-phase binding energy value calculated asWere calculated by representing the outer pockets with suitable

AEg10= E([Ni(H 20)10]2+) - E([Ni(H 20)9]2+) - E(HzO) was
—11.10 kcal/mol for B3LYP/6-31g(d)/LANL2DZ. However, the
value was—7.8 kcal/mol for B3LYP/6-3%g(d)/LANL2DZ, in
excellent agreement with the reported experimental ¥aloie
—7.9 kcal/mol. Consequently, the adequacy of such a combina-
tion is suggested in this work, particularly for cationic species.
A similar combination has been previously repof&Nonethe-
less, we do not claim finding the absolute thermodynamic
quantities for a given reaction. Rather, we evaluate relative

fragments. The DF nomenclature stands for “dendrimer frag-
ment”, and it is followed by the number of atoms that compose
the fragment. Structurally, DF41 is similar to a fragment we
used in previous work consisting of two branches stemming
from a tertiary amine nitrogen but completing the triple
coordination with a methyl group rather than ki H atom. In
addition, here we use DF4H that has a proton on top of its
tertiary amine.

The Gaussian03 suite of prograthsvas used to obtain

energies and consider that they provide accurate insights intooptimized geometries corresponding to minimum energy con-

the feasibility of the reactions that take place upon interaction
of the species with water molecules.

Although our study is not done in the condensed phase, we
consider it an approximation in such a direction. The most

figurations; the nature of the stationary points was tested with
frequency calculations that also provide the zero point energy
and the thermal and free energy corrections to the electronic
energy within the harmonic approximation.
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Figure 1. PtClL? lowest energy configurations (nomenclature as in
Table 1) at a given degree of hydration. Upper left: configuration 1A,
PtCL2—(H,0). Upper right: configuration 2A, Ptgr—(H.0),. Lower
left: configuration 3A, PtCP~—(HO)s. Lower right: configuration
4A, PtCL>—(H20)a.

TABLE 1: Hydration of PtCl 42~ According to the Reaction
(PtCl2)(H20)n + (H20); — (PtCl4? )(H,0)n+1 + H20?

n product config AEo AH AG

0 1A —12.2 —-12.0 —10.0
1 2A —11.1 —10.9 —8.8
1 2B -8.4 —8.4 —6.0
2 3A -9.7 -9.8 —6.4
2 3B —6.2 —6.9 -21
3 4A —8.6 -7.6 -9.0
3 4B -75 -7.3 —6.8
3 4D -8.0 -8.3 -4.3
3 4F -5.2 -5.4 -20
3 41 —10.4 —11.6 —4.7

aEnergies are given in kcal/mol.

3. Results

3.1. Tetrachloroplatinate lon and Its Hydrates: Structure
and Energies.Geometries and energetics for P£land its
mono- and dihydrated byproducts are reported in this section.
No symmetry constraints were imposed in the calculations.
3.1.1. PtCj2~. Our thermodynamic calculations on the
successive hydration of this molecule indicate that hydration is

a favorable process, although the extent at which the solvent

saturates the ion first shell cannot be precisely determined. At
a given degree of hydration, several configurations were found
(see Supporting Information), but only the lowest energy
configurations (LECs) are shown in Figure 1. The optimized
geometry of gas-phase P#€l is square planar as expected,
with a Pt-Cl distance of 2.42 A. These values are larger than
the experimental bond distances igFCl, crystals reported to

be 2.31 A27 To aid in the description of the configurations
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Figure 2. PtCk(H20O) lowest energy configurations at various degrees
of hydration. Upper left: PtG{H.O) —(H-0) with H-bond Pt
HOH-+-OH, at 1.76 A. Upper right: PtGH,0) —(H-0), with H-bonds
Pt—HOH:--OH, at 1.72 A and HO---OH, at 1.90 A. Lower left: PtGF
(H20)"—(H,0); with H-bond P+HOH---OH; at 1.66 A and two
H-bonds HO---OH, at 1.77 and 1.86 A, respectively, over the molecular
square plane. Lower right: P#H,0) —(H.0), with H-bond Pt
HOH::-OH, at 1.78 A and two H-bonds #®---OH, at 1.74 and 1.89
A, respectively, over the molecular square plane.

distance 4.08 A). The ©H bond length is 0.98 A and the angle
H—O—H ranges from 989to 99.8, with smaller angles
corresponding to lower degrees of hydration. For PGt
(H20)s; the most stable configuration is that where water
molecules occupy three equatorial sites (configuration 3A in
Table 1 and Figure 1). A less stable configuration (3B) was
found with a water trimer above the equatorial plane. Finally,
for PtClL2~—(H.0), four water molecules saturate the equatorial
sites (configuration 4A in Table 1 and Figure 1). This config-
uration is more stable than 4B (Table 1), where two dimers
occupy diametrically opposed equatorial sites. The next stable
(41) has a water tetramer on top of the molecule, but in none of
these cases are isolated individual waters found in axial
positions, in agreement with Ayala et &l.who on the basis of
the similarity between the XANES spectra of solid state and
aqueous solutions of Pt&f concluded that no water molecules
can bind stably in the axial region. In any case, no oxygen was
found directly coordinated with the Pt atom, although Table 1
shows that the difference NG between the LEC and the next
most stable configuration at each level of hydration is not large
(2.8 kcal/mol between 2A and 2B, 4.3 kcal/mol between 3A
and 3B, and 2.2 kcal/mol between 4A and 4B).

3.1.2. PtCi(H,0)~. The geometry of the complex deviates
slightly from a square planar configuration. The average angle

shown in Figure 1, let us assume that there are six binding sitesC!~Pt=Cl, where the Ci ligands are located in the cis position

for the hydration of the square planar anion RtClFour sites

with respect to each other, is 95vhereas the average angle

are in the plane of the molecule and we further refer to them as CI—Pt-0, where the Cl and water ligand O are located fs

equatorial while two more are above and below the central
atom and we refer to them asial. For PtCk?~—H,0, no water
molecules are found in axial sites for the LEC; thus the water
molecule occupies an equatorial site. For FCH(H,0),, two

position with respect to each other, is’8%he hydrogen atoms
of water lay outside of the plane containing Pt, Cl, and water
ligand O atoms.

The LECs upon hydration are shown in Figure 2 (all

water molecules occupy diametrically opposed equatorial sites.configurations are provided as Supporting Information). The Pt
This configuration, 2A (Table 1 and Figure 1), is more stable ClI distance for the Ci ligand trans to the kD ligand ranges
than 2B, where a water dimer is found above the plane with from 2.33 to 2.35 A, whereas that for the Cligands cis to
one water binding two adjacent Cl ligands while the other water H,O averages 2.40 A. The PO distance ranges from 2.13 to
molecule shifts slightly from an axial position (PO(water) 2.18 A, with the shortest value observed at a higher degree of
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TABLE 2: Hydration of PtCl 3(H,O)~ According to the
Reaction (PtCk(H20)")(H;0), + (H;0), —
(PtCl3(H20)7)(H20)n+1 + H20?

n config AEq AH AG ‘
0 1A -5.1 —-4.7 -3.3

0 1B -7.9 —-8.3 —4.2

1 2A —4.0 -35 —-2.7

1 2B —5.7 —-5.8 —-2.9

1 2C -8.0 -8.1 —4.9

2 3A —-7.8 -8.1 —4.4

3 4A 2.1 3.4 1.3

3 4B 1.0 1.0 3.8

3 ac ~0.6 0.2 0.2 i Yt

aEnergies are given in kcal/mol. ;

m)
hydration. The assumption of six binding sites still holds, } » X
although with different environments for each site, i.e., four 2 :‘
equatorial sites but only two distinct ones: a site-Cl located -
between two Ct ligands, as the four equatorial sites observed VJ
for PtCL%~, and a site G+O located between a Chnd a water Figure 3. cisPtCh(H.0). lowest energy configurations at a given

oxygen (Figure 2). We still consider axial sites those above and degree of hydration. Upper leftcis-PtCh(H.0),—(Hz0). There is an
below the Pt atom. H-bond P+OH,+-OH, with length 1.67 A. Upper righttrans-PtCh-

_ . . . (H20),—(H20),. Two H-bonds PtOH,--OH, at 1.66 and 1.64 A.
For PtC4H,0"—H,0, two different configurations forawater | qer jeft: trans-PtCh(H,0)—(H,0). Two H-bonds Pt OHy++-OH,

molecule occupying each distinct equatorial site are found; stemming from adjacent water ligands at 1.61 and 1.66 A and one
however, the LEC is that where water occupies the @lsite intersolvent H-bond HOH-O at 1.72 A. Lower right: trans-PtCh-
(Figure 2). This result hints that it could be easier to release (H20),—(H20)s. Two H-bonds Pt OH,:+OH, stemming from adjacent
water from a C-Cl site than from a GO site. For PtGH,O~— water ligands at 1.60 and 1.61 A and two H-bond networks above and
(H,0),, three different stable configurations are found. In one Pelow the complex (HOH-O) at 1.71 and 1.72 A.

of them, water molecules occupy both-&l sites; in another  1ag| E 3: Hydration of cis-PtCl,(H,0), According to the

one, water occupies both-€0 sites. However, the LEC isthat  Reaction (is-PtCly(H20)2)(H20), + (H20), —

where a water dimer is oriented across the molecular plane from(cis-PtClx(H20)2)(H20)n+1 + H20?

a Cl-0 site toward the diametrically opposed-@| site. For n config AE, AH AG
PtCkLH,O~—(H20)s, the LEC is a trimer on top of the molecular
. . . 0 1A 1.5 2.3 2.0

plane center, as was found in the case of the dimer (Figure 2). 1B 68 71 43
It resembles the LEC for PtgH,O~—(H.O),, but with one 0 1C —4.0 -39 ~1.9
additional water inserted in the middle of the dimer. 1 2A 0.9 1.9 2.0

For PtCkH,O —(H,0)4, none of these structures has a 1 2B —7.3 —73 —4.9
negativeAG of reaction (Table 2). However, the lowest positive % gg :2'2 :i'g :(2).;1
AG is 0.2 kcal/mol (structure shown in Figure 2), which, 2 3C 38 4.0 0.2
considering the margin of error involved in DFT calculations, 3 4A -7.6 -8.0 —-3.2
it could be thermodynamically feasiblAEy, = —0.6 kcal/mol), 3 4C 1.5 2.2 1.7
although this seems not as clear as in the case of,tCl 3 4E —6.9 —6.9 —4.3
discussed above. a Energies are given in kcal/mol.

Several water molecules, two or more, forming an H-bond
network above the molecular plane have been found (as in the Results (Table 3) on the successive hydration show that
case of PtGF"), but none of the water molecules stays over nhygration is favored, although an upper limit could not be
the axial sites. In the configurations having dimers and trimers, getermined as the free energies obtained at the highest degree
the closest PtO distances are 3.31 and 3.56 A, respectively, of hydration tested are still negative. The LECs upon hydration
and 3.34 A for the tetramercomparable to 3.3 A calculated  are “shown in Figure 3 (all configurations are provided as
previously?® In hydration water molecules the-@H bond length Supporting Information).
is 0.97-0.99 A and the HO—H angle ranges from 101’20 The PtCl bond distance ranges between 2.32 and 2.34 A
104.9. and that of PtO ranges between 2.13 and 2.16 A. The

Although water in axial sites has been suggested for Pt- assumption of six binding sites can be maintained, observing
(H20),%" 2 and its square planar analogue Pgji** 3 as well that there are three distinct sites in equatorial position: ore Cl
as for PtCJ*~,3 even if such sites were binding sites, water Cl site and two CHO sites as described above, and an additional
molecules would not remain stable thété&onetheless, aclear O—0 located between the two water oxygen atoms belonging
line cannot be drawn: even in our calculations we found several to water molecules located in cis positions to each other. Sites
water moleculestwo or more-linked in a H-bond network  above and below the Pt atom continue to be referred axiad
above the molecular plane. The LEC ofcis-PtCh(H,0),—H,0 is that where water occupies

3.1.3. cis-PtCGl(H,0),. The geometry of this complex deviates the CHO site, in the next stable configuration (higher in energy)
from square planar, and it is at least ©f symmetry (Figure water occupies the ©0 site, and in the least stable water
3). The CHPt—ClI angle is 98 and the G-Pt—0O angle 95. occupies the CtCl site. This trend is similar to that observed
Each of the water ligands has a hydrogen atom in the molecularfor PtCk(H,0)~—H0. For the LEC otis-PtChL(H;0),—(H20),
plane and one out of it. The out-of-plane hydrogen atoms are each water occupies a-€0D site; in the next stable configuration
on opposite sides of the plane (above and below). water molecules locate one in-@D and another in ©0 sites,
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TABLE 4: Hydration of trans-PtCl,(H,0), According to the
Reaction trans-PtCly(H,0),)(H20), + (H20)2 —
(trans-PtCly(H20)2)(H20)n+1 + H,02

n config AEg AH AG

0 1A —-9.7 -9.9 —6.6
1 2A —6.3 —6.2 —-3.7
1 2B —8.9 -9.1 —5.6
2 3z 4.7 —45 —2.8
2 3A 1.6 1.7 3.8
2 3B —0.2 0.3 0.8
2 3C —-3.3 —-3.7 0.5
2 3D 3.1 3.8 4.4
3 4A —4.3 —-4.9 0.2
3 4z —4.9 —4.7 —2.5

aEnergies are given in kcal/mol.

TABLE 5: Differences in AE,, AH, and AG between the
Lowest Energy Configurations of cis- and
trans-PtCly(H20),:++(H20), with npyq the Number of Waters
of Hydration2

Figure 4. transPtCL(H.O), lowest energy configurations at a given Nhyd AAEq AAH AAG
degree of hydration. Upper leftrans-PtCh(H.0),—(H20). There is a 0 0.25 0.29 0.80
hydrogen bond PtOH,+--OH, at 1.63 A. Upper right:trans-PtC- 1 3'1 3'0 3'0
(H20)2—(H20),. Two hydrogen bonds PiOH,+-OH,, both at 1.64 A. > 46 49 3.7
Lower left: transPtCh(H,0),—(H20)s. Three H-bonds PtOH,++-OH, 3 49 48 5.6
with lengths 1.65, 1.70, and 1.71 A. Lower rightans-PtCh(H,0),— 4 1.7 16 29

(H20)4. Four H-bonds P+OH,+-OH, with lengths 1.76-1.72 A.
aEnergies (in kcal/mol) are given &is — Eirans

whereas in the least stable configuration, they appear+0CCI For this molecule, all four equatorial sites are-Q; sites

and CHO sites. For the LEC afis-PtCh(H,0),—(H20); a water above and below the center of the molecular plane continue to
molecule occupies a €0 site and a water dimer occupies the be referred to asixial. In transPtCh(H,0),—H-0, all four
other CFO site, and forcis-PtCh(H20),—(H20)4, the LEC is equatorial sites are equivalent, so only one conformer is found,
that where each water dimer occupies a-Ol site and the whereas fortrans-PtCh(H,0),—(H,0),, the LEC is the one
centers of mass of the dimers locate above and below thewhere two waters occupy two diametrically opposed equatorial
molecular plane. We did not observe configurations where water sjtes. Fortrans-PtCh(H,0),—(H20)s the LEC is the one where
binds to axial positions. Perhaps they will become more evident three water molecules occupy three equatorial sites as seen in
as more water is added, but also the complexity of the local Figure 4; the next local minimum (3C) is the one where a water

minima search increases. For water molecules th¢i®ond trimer is found above the molecular plane, bound via its
length ranges from 0.97 to 1.00 A and the HOH angle ranges peripheral water molecules to both water ligands, whereas the
from 105 to 107. central water in the water trimer is also bound to oneligland

3.1.4. trans-PtG(H20).. Although the magnitude of the and its O atom is 3.60 A from the Pt atom.
angles C+Pt—Cl and O-Pt-0 (18C) guarantees that atoms Fortrans-PtCh(H,0),—(H20)4, the LEC has all the equatorial
other than hydrogen are in the same plane, the structure deviatesites occupied by water molecules. The next local minimum
slightly from square planar: the magnitudes of any pair of resembles closely the geometry of the three-water second lowest
adjacent angles €IPt—0 are 95 and 85. By taking one water minimum described above, but with the addition of one water
ligand as reference, we observe that one of their hydrogen atomsmolecule to one of the ends of the water trimer. This added
is slightly off the plane pointing in a direction parallel to the water molecule binds also to a Cligand. We do not observe
closest P+Cl bond and forming an angle of 19@ith the water O atoms in axial positions or O atoms coordinating directly to
oxygen and the other hydrogen atom so that this atom is outsidePt. For the lower energy configurations the water of hydration
the plane. The water molecules are trans to each other, havingparameters are-€H bond lengths of 0.970.98 A and H-O—H
their slightly-off hydrogen atoms pointing in opposite directions angles ranging from 1052%o 106.9.
and their out-of-plane hydrogen atoms above and below the = Comparison between structuresots andtrans-PtCh(H-0),

molecular plane. with similar degrees of hydration might provide insights into

Deeth and Elding calculated LDA geometries of several the predominant species in aqueous solution. From Table 5 it
complexes-among themtrans[PtCl(H,0);]—yielding bond is observed that the trans isomer is more stable than the cis
lengths closer to available structural data (2.31 A for the Pt  configuration. When there are no hydration waters this difference
Cl distance in the (Nk).PtCL compound}2 Our calculated is minimal; it becomes a maximum aky,y = 3 and then

trans-PtCh(H-0), geometry is similar to that reported by sketch decreases until the highest degree of hydration calculated by
17, Figure 1 in ref 32, except that their reported-Btand Pt us (hya = 4).
Cl bond distances are 2.03 and 2.32 A, respectively, whereas The experimental value for the equilibrium constant [cis]/
ours are 2.07 and 2.38 A as an average for all structuresiirans] is 1.234 From the relationship between thermodynamics
regardless of the degree of hydration. and the equilibrium constant is deduced th®G for the

AG of hydration for the successive hydration reactions shows isomerization trans> cis is —0.1 kcal/mol. Therefore, a slight
that hydration is favored. The LEC structures upon hydration predominance of the cis isomer over trans in aqueous solutions
are shown in Figure 4 (all configurations are provided as is expected. However, it has also been st&tétht in the gas
Supporting Information). phase the trans isomer is marginally more stable than the cis
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isomer. This is in agreement with the trend observed in our CHART 2: Orientation of Amide O Atoms in the
calculations. Nonetheless, we are still unable to match the Dendrimer Core?
experimental result in aqueous solution. One reason might be

that the maximum amount of explicit water useg,§ = 4) is

still insufficient to describe a full-solvent effect. Despite the ’
availability of a number of sampling techniques for free energy 4
calculations-among which multicanonical and umbrella sam-

pling are representati¥é-such a cis-trans energy difference

would be extremely difficult to prove by any of the current

implementations of molecular dynamics simulations due to the

inherent limited time scal®, slow convergencé® and large

number of simulations requiréd,and because the reproduc-

ibility error,3® sampling accurac$f, and statistical uncertaint§

are larger than the energy difference that has been reported

experimentally?* Therefore, we leave the question open from

the theoretical point of view. aLeft side: amide O can be found in either of two positions with

] - " respect to its containing branch: “right” (1) when it lies at the right
Finally, as experimental and computational data seem to side of the dashed line (projected from the carbonyl C) and “left” (2)

indicate that the cistrans energy difference in bulk solventis \hen the amide O lies at the left side of the same line. Right side:

M

not significant, we include botltis- and trans-PtCh(H20), two (out of eight) examples of core configuration.
specie® in our study of dendrimermetal precursor interactions _ ) ) )
to be reported elsewhere. CHART 3: Orientation of Amide O in Outer Pockets?

3.2. Pocket Orientation and the Configurational Issueln A B c
this section we provide qualitative insights on the configuration
of outer pockets even though there are no experimental data to
compare our results. As stated in the Introduction, we argue

that a continuum model is not a realistic approach to account _ )
for the solvent effect, because in a large dendrimer an outer a(A)d'“ both %ra?lctt‘es "’}1m'de ~ dat%ms O”em.ou“’."ard“(’jl(o‘?twar‘gj
pocket interacts with the bulk solution through its “mouth” (i.e., 2utward). (B) In both branches amide O atoms orient inwardly (inwar

- nward). (C) One amide O orients outwardly, while the other orients
the space between the terminal groups of the branches) an nwardly (outward-inward).
therefore is not surrounded by an environment of uniform

dielectric constant. by the tertiary amines N3 and both methylene carbon atoms
As the configuration of a dendrimer is altered by the presence CN3 in the EDA core (core dihedral NICN3—CN3—N3) to
of the solvent and pH among other factors, it is expected that pe 180. If a line (representing the innermost half of a branch)
cations/anions may also modify this configuration. ESI-MS stemming from either extreme of that line is drawn, then the
experiments performed with small dendrimers have confirmed agmide O atom can be found either to its right (1) or to its left
that counterions such as Naan be found trapped inside the  (2). with four branches, the possible number of combinations
dendrimerl® However, such experiments could not provide a s 2*= 16, but if the molecule is considered to have a symmetry
detaileddescription of the binding between cations/anions/water plane that coincides with the plane of the figure, then a

molecules and dendrimer atomic sites, nor did they offer insights configuration 1111 seen from above is identical to a 2222 seen
about the nature of those sites. The use of molecular modelsfrom below such a plane. Therefore, only eight different
and its resolution by QM methods can yield complementary configurations can be found for the core (Chart 2).
information related to the identity of such sites and to their Next, we consider the orientation of the amide O in the outer
relative binding strengths. In this section we focus on under- pockets. There are at least three distinct ideal cases: when both
standing how the different specteparticularly water and  amide O atoms orient outward from the pocket (Chart 3A,
proton—present inside a dendrimer pocket influence its config- outward-outward), when both amide O atoms orient inward
uration, and consequently that of the dendrimer as stated in theigward the pocket (Chart 3B, inwardnward), and when one
Introduction. amide O orients outward and the other inward (Chart 3C,

3.2.1. Pocket Orientation and the Role of Amide-O Orienta- outward-inward). In Chart 3, the lines represent the branch
tion on PAMAM ConformationThere are a number of con-  extending from the branching point toward the surface terminal
figurations that a dendrimer might adopt as a function of group.
generation. We illustrate this with a simple calculation while  As G1-OH can be built from G0-OH plus four outer pockets,
we discuss some substructures that could be formed as ahow many different configurations are then possible? We
consequence of the presence of cations/anions. The followingassume that each pocket can adopt any of the configurations
assumptions are made: first, the configuration of all amide (A, B, or C in Chart 3) independently of the configurations of
groups will remain tran$? second, there is no backfolding of  the other pockets, so that, for instance, the configuration AAAB
branches, so the dendrimer extends ideally forming outer pocketsis different from AABA. Consequently, there aré Bossible
limited by two branches and is reasonably planar (so this configurations for the arrangement of four pockets having a fixed
approach could not be extended to large generation dendrimersconfiguration for the dendrimer core. Thus, for G1-OH a total
especially to those spherical in shape). We postulate thatof 8 x 3* = 648 configurations can be generated. In Chart 4
configurations are to be determined on the basis of the we show as an example the core in “1111” arrangement and
orientation of the amide O atom. pockets in AAAA arrangement.

In Chart 2, the horizontal central line represents the core of For G2-OH and G3-OH we can keep the assumption that
the dendrimer with the tertiary amine atoms located at the end the new layer of branches will adopt a configuration independent
of the line. We assumed the magnitude of the dihedral formed of those that the inner branches/pockets adopt. Table 6 shows
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CHART 4: G1-OH Configuration lllustrating a Core

“1111"—Pockets AAAA Configuration

TABLE 6: Number of Distinct Configurations Expected by
Considering Different Orientations of Amide O in Outer

5, 2007

Pockets as a Function of Dendrimer Generation

generation # configs
0 8
1 648
2 4251528
3 1.83x 10
4 3.39x 10%°

Tarazona-Vasquez and Balbuena

By obtaining a few geometric parameters from the QM
calculations, it should be possible to characterize the pockets;
this is to determine the amide O orientation that the pocket
adopts when a certain molecular species is hosted.

3.3. Hydration of UnprotonatedOuter Pocket. IR Spectral
Features. As mentioned in section 2, our model of an outer
pocket is made of two branches linked by a tertiary amine with
a dangling methyl group instead of the branch to which it should
be attached in the dendrimer. We are interested in finding the
number of waters that may saturate such a pocket. Two stable
configurations for the outer pocket without water were found
(Figure 5). We also tried many configurations but obtained only
a few local minima for a given degree of hydration, three
configurations for each of the cases where one, two, three, and
four water molecules are inside the pocket. All 14 configurations
have been determined to be stationary points via Hessian matrix
second derivative calculations.

Thermodynamic quantities for reactions 1 and 2rfer 0—3
were calculated. Addition of water to an outer pocket structure
is represented by

DF41-(H,0), + H,0 — DF41—(H,0),, Q)
Displacement of a water molecule from a dimer (a water
molecule is added to the preexistent water-in-pocket structure)
is shown by

DF41-(H,0), + (H,0), — DF41—(H,0),.; + H,O (2)

where the left-hand-side hydrated structure is chosen to be the

how many configurations will be needed given that all our |owest ZPE-corrected-energy configuration at a given value of

assumptions hold.

n

These numbers might be even higher if the amide O groups Selected structures included in Tables 7 and 8 were chosen
are allowed to adopt a cis configuration, or lower if the on the basis of the following criteria: fan = 0, the three
configuration of a given pocket is influenced by the configu- configurations yielding negativAG (eq 2); forn = 1, all four
ration of other pockets; however, we do not pretend to examine configurations found; fon = 2, the only one with negative
such cases. Even if the number of configurations calculated in AG (eq 2); forn = 3, the one with the lowest positiveG (eq
Table 6 may seem overestimated, they remind us of a fact2). Despite the oscillations of the free energy values, there is a

already noticed in the literatufé: sampling in molecular

trend. According to eq 2 (and including data not reportéd,

dynamics or molecular mechanics becomes increasingly com-spans betweer-3.1 and 0.11 kcal/mol when = 0, between
plex once one attempts to model accurately the multiple binding —2.8 and 0.07 kcal/mol when = 1, between—0.38 and 5.7

of ions/anions/water to a dendrimer. Therefore, a QM approach kcal/mol whenn = 2, and between 2.2 and 7.5 kcal/mol when
based on the analysis of fragments can help to narrow then = 4. Also, according to eq 2 (and considering data not
configurations to a handful of feasible structures to be con- reported) AE, spans betweer4.9 and—1.1 kcal/mol whem
structed by building QM-optimized fragments into a dendrimer. = 0, between—5.0 and—3.0 kcal/mol whem = 1, between

»

4

Figure 5. Reference fragments DF41. Left: RefA. Right: RefCoB with two hydrogen bonds-8Bl (2.05 A) and OH-OH (2.02 A). RefCoB
is chosen as the reference fragment for thermodynamic calculations because it is slightly more stable th&(RefBoB) — Eo(RefCoA) =

—0.68 kcal/mol).
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TABLE 7: Electronic Energies with ZPE Correction ( AE), TABLE 9: Summary of Significant Bond Distances and
Enthalpies, and Free Energies of Reaction for Formation of Angles for Selected DF4%(H,0), Configurations
Eglue;tigﬂ IfaFM_(HZO)”H Configurations According to bond distances (A) bond angles (deg)
n product config AE AH AG confiy O-O OT-OT o(CO-N3-CO) y(O—N3-0)
— — — RefA 7.40 12.80 120.5 120.3
0 e 5 39 - RefCoB  6.80 2.98 1232 111.3
0 1E —8.9 _9'3 0'04 1C 7.19 8.44 142.1 131.0
1 2A —8.1 —8.9 —0.64 1D 5.40 4.49 122.6 95.1
1 B 73 g2 21 1E 6.13 2.83 90.1 90.4
1 2C —90 _9'7 -0 .82 2A 7.16 8.45 139.8 126.7
1 oF 6.9 76 51 2B 5.70 4.94 125.5 1005
2 3A —8.4 —9.6 1.6 2C 7.36 8.80 144.0 133.2
3 aC _c3 60 12 2E 6.13 278 90.6 90.5
' ’ ' 3A 7.12 7.27 133.3 122.0
aValues are given in kcal/mol. 4C 7.61 6.63 132.0 120.2
TABLE 8: Electronic Energies with ZPE Correction (AEy), i .
Enthalpies, and Free Energies of Reaction for Formation of N3—amide O2 (branch 2); (4) angéeformed by carborjyl qu
Selected DF41(H;0),+1 Configurations According to (branch 1)-N3—carbonyl CO2 (branch 2) to get insights into
Equation 22 the degree of openness of the pocket. Thus, these geometric
n product config AE AH AG parameters, shown in Table 9, illustrate how the pocket
0 geometric configuration accommodates to host the water
0 1C —3.8 —3.4 —-31
0 1D -43 —45 ~0.96 molecules.
0 1E —49 47 20 The DFT-calculated amide ©amide O (G-O) distance
1 2A —4.2 —4.4 —26 ranges between 5.40 and 7.61 A, and the hydroxyl oxygen to
1 2B -3.3 -3.6 0.14 hydroxyl oxygen distance (OFOT) ranges from 2.98 A (closed
1 2C —5.0 =51 —2.8 configurations) to 12.80 A (open configurations). The angle
1 2E —3.0 —3.0 0.07 ranges between 120.8nd 144.0 and they angle between 90°5
2 3A —4.5 -5.0 —0.38 and 133.2
3 4C —-1.4 —-1.4 2.2 -

The LEC (Figure 6) has both the maximum and the
*Values are given in kcal/mol. maximumy values, OF-OT distance of 8.80 A, and €0
distance of 7.36 A. Thus, it is mostly an outwaiidward
—4.5 and 5.4 kcal/mol when= 2, and betweer-1.4and 6.1  configuration. This is the trend that is observed from Table 9
kcal/mol whenn = 4. Clearly the trapping of water molecules  for all but 1D, 2B, and 4C (configurations that are not the LECs
inside the pocket becomes more difficult beyond three water gt their corresponding degrees of hydration).
molecules i = 2). In previous work8 we found the ratio amide I/amide 11 to be
As discussed in section 2, the method chesand therefore  |ower than 1.0. Such a discrepancy with the experimental trend
the results-are not meant to provide exact values for the (ratio higher than 1.0) was attributed to a lack of solvent effect
reported thermodynamic quantities which could be obtained in the calculated spectra. As in this work we have inserted a
from more intensive and expensive calculations like G2 and few explicit water molecules in dendrimer pockets, we test such
G3 theories?*® We are rather satisfied with a qualitative an assumption by calculating the ratio amide I/amide Il for the
description of the phenomena. Thus, configuration 2C (Table rest of the hydrated configurations (Table 10). An amide | line
8) is the configuration with the lowe#G value even though  and an amide Il line per each amide group are observed in our
when compared to 1C and 2A the differences are small. The calculated IR spectra. However, in experiments a single band
stability decreases when three waters are involves @), but is observed. Therefore, we definesealed weighted @rage
even in that case the process is still favorable according to edfrequency, for both amide | and amide Il, resulting after a
2 (Table 8). However, none of the configurations is favored eighted average of the frequencies with the intensities used
when four water molecules are considered< 3), not even
according to eq 2. Therefore, it could be inferred from our results
thatthe maximum number of waters allowed by an unprotonated
pocket is two This is in partial agreement with molecular
dynamics simulation resuftsthat found three as the maximum
number of waters accepted per tertiary amine nitrogen (N3),
however, at high pHalthough we acknowledge that the
comparison is not fair because the simulations were for G5-
NH2 dendrimers-different from our PAMAM-OH pockets.
Optimized structures in this and the next sections suggest a
classification based on three ideal configurations (outward
outward, outwaretinward, and inwaretinward; see Chart 3).
To get insight into the configuration of the pocket upon hosting
water, we gather a few relevant parameters from the optimized
structure data: (1) distance between amide O atoms that
provides an indication of how closed or open the pocket is; (2)
distance between hydroxyl O atoms that reveals whether or not
the pocket is being closed by a hydrogen bond between thegigyre 6. Lowest energy configuration (Table 8) for DF4(H.O).
—OH terminal groups; (3) the magnitude of the anglevhich H-bonds: HO---H,0, 1.81 A; OH+++N, 1.86 A; OH+-OH,, 1.89 A:
is the angle formed by the amide O1 (brancktertiary amine NH---OH,, 1.93 A; OH++-0, 2.06 A.
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TABLE 10: Scaled Weighted Average Amide | and Amide fragment is 244.5 kcal/mol. From the benchmark calculation
Il Calculated Frequeni:les (Scale Factor 0.96%4 for 6-31(d), done on H--N(CHs); described in section 2, we found that the
Used Here for 6-31-g*), and Average Ratio of Calculated agreement with experiment is within less than 2%. Therefore,
Band Intensities (Amide I/Amide 1) L .

we expect a similar degree of accuracy in the reported PA

config amide | amide I av ratio (intensities) values. We calculate thermodynamic quantities for reactions
RefA 1672.6 1496.4 0.871 4—6 for n = 0—2.

RefCoB 1689.6 1521.4 1.456 Addition of water to aprotonatedouter pocket structure is
1C 1664.6 1507.6 0.859 represented by

1D 1666.7 1512.6 0.891

1E 1674.8 1546.0 1.309 N

2A 1665.7 1506.7 1.143 [DF41-H—(H20)]" + H,0—

2B 1664.7 1522.9 1.135 +

2C 1658.7 1533.1 1.185 [DF41-H—(H,0)al " (3)
2E 1675.7 1530.6 1.081

3A 1665.4 1542.6 1.054 Displacement of water from a dimer bypaotonatedouter
4C 1650.3 1526.9 1.360 pocket is shown by

as weighting factors. For each configuration, we calculated two [DF41—H—(H20) ] + (H,0), —
ratios of intensities of amide I/amide Il (one per branch) and +
report the average under “av ratio” in Té\ble 1p0. ) [DF41=H=(H0)ppa” + HO (4)
It is unknown to us if there is a correlation between the
average ratio and the fragment configuration. For instance,
RefCoB is a closed configuration with a ratio higher than 1.0,
whereas RefA is an open configuration (see Figure 5) with a
ratio lower than 1.0. Nonetheless, what is clear from Table 10
is that the calculated average ratio is greater than 1.0 for the
RefCoB and for all selected configurations except for 1C and
1D. This suggests a low likelihood of having only one water
molecule hosted in a pocket. 4
The frequency of the amide | is 1689.6 chand that of the DF41=(H20), + H,0—-H,0" —
amide Il is 1521.4 cm® when the pocket hosts no water [DF41—((H30)—(H20)n)]+—|— H,O (6)
molecules. With an increase in the number of water molecules,
we observe a steady shift to lower frequencies in the amide | where the left-hand-side hydrated structure is chosen to be the
band and to higher frequencies in amide I, a trend that is also lowest ZPE-corrected-energy configuration at a given value of
observed experimentalf. These resultstaken with caution n.
because they do not represent the whole dendrirsleow that In order to evaluate the results in Tables 12 and 13,
even when a complete treatment of the solvent effect is lacking, corresponding to eq 5 and eq 6, respectively, we chose
a few explicit water molecules are enough to reproduce the configurations of DF4%(H»0),, for n = 0—2, based on their
experimental trend found for the spectra and are more repre-lowest energy of reaction\Ey) according to eq 1. The selected
sentative of the experimental spectra than the gas-phase onesonfigurations were 1E, 2C, and 3A along with the reference
previously reported® Waters outside the pocket may also affect fragment DF41 (RefCoB).
the vibrational modes of the pocket and hosted species, but we Based on the magnitude of their values, reaction energies
have not calculated their effect on the spectra. described by eqgs 5 and 6 seem to describe a more likely scenario
3.4. Hydration of ProtonatedOuter Pocket. IR Spectral than those described by eqs 3 and 4. From Tables 12 and 13 it
Features.Two DF41—H reference fragments were found, both is evident that the most likely reactions are those where 2C*
binding a proton to an amide O of the adjacent branch (Figure and 1B* are generated, where the proton interacts more closely
7). The calculated proton affinity (PA) for the most stable with the amide oxygen, followed by 1A and 3C, where the

e

Equation 5 shows the addition of;&8* to a unprotonated
outer pocket structure:

DF41—(H20), + H,0" — [DF41—((H,0)—(H,0))]" (5)

Displacement of BO™ from a monohydrated hydronium by
a unprotonatedouter pocket is represented by

Figure 7. Protonated reference fragments DF44. Left: RefA. Right: RefCoB. The hydrogen bond length NHO is 1.70 and 1.68 A in RefA
and RefCoB, respectively. For RefCoB notice that there are also three additional hydrogen bor@HOH.88 A), OH--0O=C (2.12 A), and
HCH:--O=C (2.10 A). RefCoB is chosen as the reference fragment because it is slightly more stable thaEJgRECOB)— Eo(RefA) = —1.2
kcal/mol).
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TABLE 11: Average Electronic Energies with ZPE
Correction (AEp), Enthalpies, and Free Energies of Reaction
at 298.15 K for Formation of [DF41—H—(H;0)n+4]"
Configurations According to Equations 3 and 4

J. Phys. Chem. A, Vol. 111, No. 5, 200941

OT distance. The magnitude of the angleanges from 85.7
to 139.4, and that of the angler from 78.8 to 106.5.
Compared to the unprotonated pocket, the@distance values
are shorter. The angle. ranges also around lower values

ABo AH AG although in a broader range because it covers a series of
n eq3 eq 4 eq3 eq4 eq3 eq 4 configurations: “open” with 130-139.4, “closed” with 85.7—
1 85 —45 —89 —43 —042 -24 116.3, and internal amide ©H bond with 86—91°. The y
2 -100 -60 —-103 —-58 —-19 -39 angle ranges around lower values, but its range of variation is
3 —-9.2 —-5.3 -9.9 —-5.3 -1.2 —-3.2 similar.
av —9.2 —-5.3 —-9.7 —-5.1 -1.2 —-3.2

aValues are given in kcal/mol.

TABLE 12: Electronic Energies with ZPE Correction (AEy),
Enthalpies, and Free Energies of Reaction for Formation of
Selected [DF41((H30)—(H20),)]™ Configurations According
to Equation 52

At least two extreme configurations can be found: one where
the amide O remains bound to the proton so that the water
molecules bind outside that interaction. Configuration 2C* has
the lowest OFOT distance (they bind), ite. angle is 91.60,
andy is 101.8, developing into a pattern that closely resembles
a “outward-inward” ideal configuration. On the other hand,
the wide-open configuration 3C has the maximum-@

n product config AE AH AG . . .

- distance, the maximuna, and the maximumy among the
8 ig :gg'g :3613; :gg'g configurations found, developing into a pattern that closely
0 1A —90.8 —003 —845 resembles an “inwardinward” ideal configuration (Figure 8).
1 2C* —99.0 ~100.4 —875 While the outwarerinward character is the dominant pattern
1 2E -91.9 -925 —82.2 in unprotonated fragments, this example illustrates that there
2 3C —93.0 —93.5 —83.9 are several patterns arising when protonation occurs: inward
3 4A —91.6 —91.7 —82.5

aValues are given in kcal/mol.

TABLE 13: Electronic Energies with ZPE Correction (AEy),
Enthalpies, and Free Energies of Reaction for Formation of
Selected [DF4%((H30)—(H20),)]* Configurations According
to Equation 62

inward, outware-inward, and even outwartbutward patterns
are present.
4. Conclusions

Calculations of the most stable configurations for the tetra-
chloroplatinate anion and its hydrolysis products at several

n product config AEo AH AG degrees of hydration revealed the attachment of water in
0 1B* —60.4 —59.9 —57.4 equatorial positions but did not predict structures where the
0 1D —55.4 —54.8 —52.7 apical sites-above and below the Pt atemvere occupied,

0 1A —55.3 —53.4 —56.5 whereas structures with H-bond networks above the molecular
i S(E: :gg:i :gg:? :gz:g plane were found as the lowest energy configurati(_)ns only for
2 3C _57.4 566 560 the monohydrate Ptg{H-O)~ at the degrees of hydration tested.

3 4A —56.0 —54.8 —54.6 At low degrees of hydration, both P#H,0)~ and cis-PtCh-

aValues are given in kcal/mol.

(H20), water molecules bind more strongly in-8D equatorial
sites whereas the weakest bound water molecules are found in

pocket arms are wide open. Finally, configurations 1D and 2E Cl—Cl sites. This suggests that release of water molecules from
are the least stable, when the pocket is closed (Figure 8). Cl—Cl sites should occur preferentially. Obviously, no equatorial
Can higher degrees of solvation still be reached? According site differentiation exists fotransPtCh(H.O).: all four sites
to Tables 12 and 13 it seems that arriving at 3C is less likely are CO sites. Perhaps this is the reason why, at least at the
than arriving at 2C* through a pathway described by eqs 5 and degrees of hydration studied here, the trans isomer has been
6. However, once 2C* is obtained, a pathway described by the found more stable than the cis isomer. On the basis of this
processes in egs 3 and 4 can follow and configuration 3C canobservation, we speculate that interactions between dendrimer
be obtained. Thus, although the energies calculated for eqs 3pockets and Pt(ll) complexes are more likely when the Pt(Il)
and 4 are smaller compared to those found for eqs 5 and 6,complex binds water in equatorial €Cl sites and when the
they can still make the hydration of the protonated complex interaction is such that those water molecules are placed between
possible. The effect on the geometry will be a transition from the two interacting heavier molecules.
a structure (almost closed if looking at Figure 7) with an internal It is not possible to assert if eitheis- or transPtCh(H0),
amide O-proton hydrogen bond (2C*) to an open structure iS more stable in aqueous solution. Our results slightly favor
(3C). If this is the case, then this could reflect experimental trans over cis, whereas a weak preference for the cis isomer
trends that have found that the dendrimer expands uponshould be inferred from experimeritsthis discrepancy may
protonation?’ arise because the number of water molecules used in our
Calculated spectral features are reported in Table 14. As in calculations is still insufficient to describe a full-solvent effect.
the case of unprotonated pockets, the water bending modes (no#s it is likely that both species coexist in aqueous solution, at
shown) are also present among the amide | and amide Il spectralow precursor salt concentration, both should be included in
lines. The calculated average ratio is greater than 1.0 in all any study involving tetrachloroplatinate speciation in aqueous
configurations except 1D and 3C. Amide | ranges from 1642.6 solution.
to 1690.4 cm?, and amide Il ranges from 1512.2 to 1533.0 The second goal of this work was to determine the number
cm L. However, no clear effect on amide | and amide Il can be of water molecules that may saturate a pocket. Given our
inferred from the results and no significant shift with respect to definition of outer pocket and its molecular modeling, we notice
the unprotonated state is found. that no more than tweperhaps threewater molecules are
From Table 15 it is observed that the range is 4.6%66 A needed to saturate an outer pocket when such pocket is
for the O-0 distance and from 2.73 to 13.90 A for the ©T unprotonated, which is inferred from calculated thermodynamic
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Figure 8. Upper left: configuration 1B*. Upper right: configuration 2C*. Notice clearly the H-bond between the proton located at the tertiary
amine N site and the amide O atom, configurations where the pocket arms are wide open. Middle left: configuration 1A. Middle right: configuration

3C. Configurations where the pocket appears closed and the amigeof@n H-bond is absent. Lower left: configuration 2E. Lower right:
configuration 1D.

and IR data. Such a number could not be accurately determinedBesides, a geometric analysis of the structure of an outer pocket
for a protonated pocket, because under these conditions thds proposed to establish the possible conformations of a water-
dendrimer can adopt a more open configuration. These calcula-containing outer pocket. Configurations having combinations
tions also provide the reference structure, namely DRELO), of amide O atoms pointing outward or inward with respect to
(configuration 2C) for thermodynamic calculations of non- the pocket are identified. While the outwarthward character
covalent binding reactions with Pt(Il) complexes to be reported is the dominant pattern in unprotonated fragments, several
elsewhere. patterns arise when protonation occurs: inwardvard, out-

An analysis of possible pocket configurations done on the ward—inward, and even outwarebutward patterns are present.
basis of the orientations of the amide O atoms in outer pocketsHowever, a transition from a configuration that closely re-
provides an estimate of the number of total configurations that sembles an ideal “outwardnward” to another that is more of
may be expected for low generation dendrimers, thus highlight- an “inward-inward”, yet open to accept more water inside the
ing the impracticality of simulations with larger dendrimers. pocket, is expected to take place in protonated pockets. As
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TABLE 14: Scaled Weighted Average Amide | and Amide
Il Calculated Frequencies (Factor 0.961# for 6-31(d), Used
Here for 6-31+g*), Average Ratio of Calculated Band
Intensities (Amide I/Amide II)

config amide | amide Il av ratio (intensities)
RefA 1659.4 1512.2 1.572
RefCoB 1642.6 1520.4 1.838
1B* 1643.1 1533.0 1.344
1D 1688.2 1518.1 0.943
1A 1660.9 1513.4 1.171
2C* 1654.0 1531.2 1.255
2E 1690.4 1522.5 1.549
3C 1664.1 1514.3 0.734

TABLE 15: Summary of Significant Bond Distances and
Angles for [DF41-H—(H;0),]* Configurations

bond distances (A)

bond angles (deg)

n config O-O OT-OT a(CO-N3-CO) y(O—N3-0O)
0 RefA 538  13.70 128.2 102.8
0 RefCoB 4.23 2.83 85.8 87.3
1 1B* 4.14 2.78 86.0 85.5
1 1D 4.18 4.04 116.3 78.8
1 1A 5.45  13.90 130.0 102.7
2 2c* 4.77 2.73 91.0 101.5
2 2A 573  10.10 121.2 102.8
2 2E 5.41 2.76 85.7 81.8
3 3C 6.56  13.20 139.4 106.5
3 3A 5.63 7.98 1135 96.1
4 4A 6.42  11.72 139.3 104.7
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