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The'H NMR relaxivity of o- andp-dinitroxide-substituted phthalate esters and a series of nitroxyl-functionalized
poly(propylene imine) dendrimers has been measured in acetonitrile and methanol. Studies of dinitroxide
relaxivity indicate that the electron exchange rate has only a small effect on relaxivity. Outer-sphere relaxivity
has been measured using benzene as a probe molecule. In studies on dendritic polynitroxides, the per-nitroxide-
based outer-sphere relaxivity nearly doubles for the generation 5 nitroxyl-functionalized dendrimer as compared
to a mononitroxide model. This relaxivity enhancement may be due to crowding of dendrimer surface groups
in higher generation dendrimers. Water relaxivity has been measured for these polynitroxides as well, and a
significant inner-sphere contribution to relaxivity is found. Dendritic polynitroxides exhibit higher per-nitroxide-
based water relaxivity as compared to a mononitroxide model. This relaxivity enhancement is attributed to
an increase in rotational correlation time)(for the dendritic polynitroxides.

Introduction observed? However, aggregation effedfsn aqueous solution
|could be complicating the intrepretation of relaxivity measure-
importance to the field of magnetic resonance imaging (MRI) ments made in aqueous solution. The dendrimer framework has

andNMR spectroscopyTypically, the magnitude of paramag- been shown to be advantageous in decreasing the bioreduction
netic relaxation enhancement is proportional to the concentra-fate of nitroxide in vivo, an extremely rapid process which
tion of paramagnetic species. The proportionality constant hasdestroys the relaxation enhanééiThe potential of qlendntéc
been defined as the relaxivity of the species and is reported in PRES in targeting specific organs has been investigatee:

the literature in units of M! s~ or mM~! s~ 1.1~4 The most Our lab has studied stable nitroxide radicals for several years
commonly used paramagnetic relaxation enhancers (PREs)as ESR probes for surfaces and supramolecular assertfblies.
employed for MRI applications have been gadolinium chelates In the course of our studies we chose to investigate dinitroxides
which exhibit high relaxivities due to the high spifi] of this laand1b illustrated in Scheme ¥18 ESR studie¥ demon-
metal centet:2 For years, the use of stable nitroxide free radicals strated thatlb exhibits fast intramolecular electron exchange
has been evaluated as a potential alternative to gadoliifum. on the ESR time scal¥. Furthermore, polarization transfer
Stable nitroxides have been shown to be more amenable to instudies indicated that interactions between polynitroxides and
vivo use than gadolinium complexXeand may not require the  photoexcited triplets occurred in the strong exchange limit [by
same extensive chelation protocols required to minimize the strong exchange, it is meant that on average the exchange
toxicity of free gadolinium. However, the intrinsically low integral ) is much greater than the hyperfine interaction
paramagnetic relaxivity of nitroxides (in part due to their low (@)].1820.21 Thus, the polarization was transferred from the
spin of /) has prevented their widespread application as MRI photoexcited triplet to the entire polynitroxide array, rather than
contrast agents.Attempts have been made to enhance the to one particular nitroxide unit. These results suggested that the
relaxivity of nitroxides by using nitroxides which have functional polynitroxides might be functioning as high-spin speéfe. 24
groups capable of binding proteifSuch protein binding could Since the theory for paramagnetic relaxatforpredicts
_enhance the |nn_er-sph_ere (_;ontrlbutlon to _reIaX|V|ty and thus relaxivity to be proportional t&(S+ 1) (see eqs 44 and 6-8
improve _the profile of nitroxides as relaxation enhancers. ‘below), whereS is the spin on the paramagnetic species, we
Dendrimer scaffolds have been used to enhance paramagnetige ige to investigate the relaxivity of a series of small molecule

re;laxgtion both in the Casi%Of gadolinium-baseq FRE"”O' (see Scheme 1) and dendrimeric polynitroxides (see Scheme
nitroxide-labeled systermid:13 In the case of gadolinium-based 2) as a function of the number of nitroxides per molecule,

dendritic relaxation enhancers, the dendrimer is used to modify structure, and the rate of electronic exchange in these species.

the rotational correlation t'l?e of the system and thereby enhanceyq yseq penzene as a probe molecule for outer-sphere relax-
inner-sphere relaxivitie3!® In the case of nitroxide-based

dendrimers, relaxivity enhancements in agqueous solution are notiVity’ since it does not form complexes with nitroxides. MR|
’ ty q applications depend on relaxation enhancers which exhibit high
t Columbia University. water relaxivity=* However, poly(propylene imine) dendrimers

* Eindhoven University of Technology. modified with nonpolar organic groups such as nitroxide

Paramagnetic relaxation enhancement is of fundamenta
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SCHEME 1: Ortho and Para Isomeric Dinitroxides 1a and 1b and Dinitroxide 2
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SCHEME 2: 3-Carbamoyl—PROXYL (3) and DAB-Dendr-(NH-3-CO—PROXYL)-n Dendrimers (4,) (n =4 (m = 1),
16 (m = 3), 64 (m = 5))
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derivatives are highly aggregated and exhibit low solubility in
agueous solution. To measure the water relaxivityhpin the 4/\//—‘/\[——’/\f—we
absence of aggregation, measurements were performed in
acetonitrile, with water as the probe molecule, which is expected 1a Methanol
to display significant inner-sphere relaxivity.

Our results indicate that electronic exchange rates have only
a weak effect on relaxivity. An increase in relaxivity on a per AA/\/\ N\ A 1b Acetonitrile
nitroxide basis for higher generation dendrimers is observed for
both water and benzene probes. The larger dendrimers (genera-| 1b Methanol
tions 3 and 5) have relaxivities exceeding those of gadolinium-
(111 chloride (on a per molecule basis). Increases in outer-sphere
relaxivity, as measured using benzene as a probe, are attributed——'/\./\/\/\/\/2—/‘—"e—tm
to crowding of dendrimer surface groups in higher generation
dendrimers. Modeling of water relaxivity using the Solomon 2 Methanol
Bloemberg equatiods* suggests that larger rotational correla-

tion times ¢,) are responsible for the enhanced inner-sphere T T T T 1

relaxivity of dendritic polynitroxides. 3440 3460 3480 3500 3520
Gauss
Experimental Section Figure 1. ESR spectra of dinitroxidea,b and 2 in methanol and
acetonitrile.

Materials. Compound3 was purchased from Aldrich and
used as received. Compountlg 1b, 2, and4y (N = 4, 16, molecule (benzene or water) and specified concentration of
and 64) were synthesized as has been reported previously imitroxide quencher.
the literature-1-19

Electron Spin ResonanceESR spectra were recorded ona Results

Bruker ESP 300 spectrometer interfaced to a computer with  ESR of Dinitroxides. ESR data on dinitroxidesa, 1b, and
Bruker ESP1600 system software. 2 are presented in Figure 1. Compoutinlexhibits a five-line

Relaxivity Measurements.T; measurements were made on ESR signal in both methanol and acetonitrile, which means that
a 300 MHz Bruker NMR using a standard inversion recovery each electron is coupled to both nitrogens of the dinitroxide.
sequence (186t—90). Experiments were performed in methanol- These ESR spectra have been attributed to fast conformational
d4 and acetonitrileds at a concentration 0f0.085 M probe interconversion between conformers exhibiting weak-(0)
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4,4 Acetonitrile

44 Methanol

4,6 Acetonitrile

446 Methanol

4g4 Acetonitrile

464 Methanol

0.0 T T T 1
T , , | | 0 1 2 3 4
3440 3460 3480 3500 3520 Dinitroxide Concentration [mM]
Figure 2. ESR spectra for DARiendr(NH—3-CO—PROXYL)-n Figure 3. 1/T; vs dinitroxide concentration in methanol and acetoni-
dendrimers 4y, 416, 4s4) in acetonitrile and methanol. trile: 1ain methanol [@); 1b in methanol @); 1ain acetonitrile O);

1bin acetonitrile filled circles®); dashed lines linear fits fara; solid

and strong > a) exchange interactiori8-21 Compoundia, lines linear fits forlb.

on the other hand, exhibits the three-line pattern typical of a
TEMPO-type mononitroxide. In the case dfa, the para
arrangement of the nitroxide esters prevents their close approach
as can be appreciated upon inspection of molecular models.
Molecular mechanics calculations using the Materials Studio .
Software package and COMPASS force field estimate the <
average distance of the two nitroxide moieties to be roughly <
13 A). In the case oflb, we estimate the average distance &
between the two nitroxide moieties in the minimized geometry
to be roughly 9 A however, in the case bi, inspection of
molecular models reveals that closer approach of the nitroxide
moieties can be achieved through-C and C-O single bond "
rotations. Compound exhibits intermediate behavior which can
be affected by solvent. In acetonitrile, a predominantly five- 0
line pattern is present in the ESR spectra2oHowever, in °
methanol, the ESR spectrum shows a mostly three-line signal _ _ _ o
and some evidence of exchange based on the broad intervening'gu“"f 4. 1/T; vs dendrimer concentration for nitroxide-labeled
signals. Analogous ESR spectra have been observed in com3endiimerst, 41, and4s, Data for methanoll). Data for acetonitrile

- (@). Solid lines: linear fits for methanol data. Dashed lines: linear
pounds of structure similar t@, and temperature-dependent i< for acetonitrile.
studies?® as well as quantum mechanical calculatfnare
consistent with the hypothesis @fundergoing faster confor-  q|axivity 2 Outer-sphere relaxivities measured using benzene
mational interconversion in acetonitrile than in methafdihe as a probe are expected to provide an estimate of the outer-
slower exchange in methanol could be due to the Iargerviscositysphere contribution to water relaxivities (vide infra). The
of methanol (viscosity at 25C = 0.544 cP) as compared 10 |ongitydinal relaxation timeTy) for the protons of benzene were
acetonitrile (viscosity at 253C = 0.369 cP)’ or is due t0  heagyred as a function of nitroxide concentration using a
hydrogen bonding in methantl.The exchange rate fd2 in standard inversion recovery experiment. Relaxivities were
acetonitrile ¢3.6 x 10° s™¥) can be estimated to be ap- easured in acetonitrile and methanol, both good solvents for

prgxiﬂately 20 times faster than that for methanel2(x the dinitroxides and dendritic polynitroxides. The results of these
107 s™) based on the changes observed in the ESR spctra. measurements are presented in Figure 3 for the dinitrodides

ESR of DABdendr(NH—3-CO-PROXYL)-n dendrimers.  and1b and in Figure 4 for the dendrimeric polynitroxidés.
ESR spectra for compounds, 416, and4es in methanol and  The data are presented as Stevolmer plots; and slopes,
acetonitrile are presented in Figure 2. Coupling of the free measured by linear fit of the data, are the relaxivity for these
electrons to all 4 nitrogens i, is visible in acetonitrile, asis  species (in units of M s71). The relaxivity data derived from
evidenced by the nine-line ESR signal. This result indicates fast these plots are presented in Tables 1 and 2. The ortho-substituted
exchange on the ESR time scale for this compound. The larger1b exhibits a slightly higher relaxivity than the pasabstituted
dendrimers show broadened signals as has been observeda,
previously*! The results presented in Table 2 indicate an increase in the

Outer-Sphere Relaxivity Measurements Using Benzene as  relaxivity on a per nitroxide basis as a function of dendrimer
a Probe.To isolate outer-sphere relaxivity, we sought to avoid generation. This information is plotted in Figure 5 for both
complex formation between the PRE and the probe molecule methanol and acetonitrile. The relaxivity/nitroxide roughly
being relaxed, since complexation between probe molecule anddoubles for4g, (generation 5) as compared with the model
relaxation enhancer introduces inner-sphere contributions tocompound3 in both solvents, suggesting that the dendritic

6—

Dendrimer Concentration (mM)
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TABLE 1: Comparison of Relaxivity of Dinitroxides Based on Rate of Electron Exchange
relaxivity (M~ts™)

solvent viscosity (P) la 1b
methanold, (exchange rate) 5.4¥ 1078 147+ 8 (slow) 160+ 5 (fast)
acetonitrileds; (exchange rate) 3.4% 1073 97 + 3 (slow) 110+ 4 (fast)
ratio methanol/acetonitrile 1.52 1.45
TABLE 2: Benzene Relaxivities at 300 MHz for 3, 4, 44,
and 4s4 As a Function of Solvent forH and 13C
relaxivity —relaxivity  relaxivity
H 13C IH/[nitroxide]
compound solvent M~tsl)  (Mis) (M~1sY ._:
3 acetonitrilees 46+ 7 46+ 7 =
methanole, 68+ 7 68+ 7 ,'E
4, acetonitriled; 206+ 6 52+ 2
methanold, 300+ 15 75+ 4
446 acetonitriled; 1000+ 9 63+ 1
methanole, 1423+ 14 89+ 1
4eq acetonitriled; 5200+ 60 400 81+ 1
methanold, 7100+ 100 564 112
GdCk methanole, 875+ 11 n.a.
T T T T T T
120 0 1 2 3 4 5

Dinitroxide Concentration (mM)

Figure 6. Relaxation rates fota (M, linear fit with solid line) andLb
(O, linear fit with dashed lines) in acetonitrile with water as the probe
molecule.
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Figure 5. Relaxivity/nitroxide as a function of nitroxides per den-
drimer. Data for compound3, 44, 416, 44, in Methanol M) and in
acetonitrile @): (A and C) data fit using eq 2 with interaction distance
d decreasing with dendrimer generation in methanol and acetonitrile,
respectively; (B and D) data fit with fixed interaction distandg i
methanol and acetonitrile, respectively. See text for details.

Dendrimer Concentration (mM)

TABLE 3: H—Water Relaxivity for Dinitroxides 1a and 1b

in Acetonitrile at Room Temperature (300 MHz Field Figure 7. Relaxation rates for dendrimerds( 416, 464) and mono-

nitroxide 3 in acetonitrile with water as the probe molecule.

Strength)
compound relaxivity (M*s™) TABLE 4: 'H—Water Relaxivity for Dendrimers
la 412+ 10 (44, 46, 46s) and Mononitroxide 3 in Acetonitrile at Room
1b 396+ 8 Temperature (300 MHz Field Strength)
compound relaxivity (M*s™%)  per nitroxide relaxivity (Mts™)
framework enhances the outer-sphere relaxivity of these species™ 5 154+ 2 154+ 2
The relaxivity/nitroxide vs nitroxides/molecule data are fit using 4, 780+ 10 195+ 3
eqs 4 (see below). Experimentally measured dendrimerd&adii 416 5360+ 80 335+ 5
and benzene diffusion parameters are used in thes€ fits. 44 50300+ 4700 786+ 73
Water Relaxivity Measurements in Acetonitrile-ds. Water

relaxivity measurements were performed in acetonittilaising 7. Water relaxivities are presented in Table 4. There is a dramatic

water as a probe and compountis and 1b as PREs. The increase of relaxivity from 154 to over 50 000 #s™* going
relaxation rates are presented in Figure 6, and the relaxivitiesfrom the mononitroxide3 to the generation 5 dendriméeg,.
are presented in Table 3. Note that within experimental error, On a per nitroxide basis, this corresponds to a roughly 5-fold
the relaxivity measurements for the two isomeric dinitroxides increase in relaxivity (see Table 4 and Figure 8). As can be
laand1lb are equivalent. seen in Figure 8, the relaxivity as measured using water as a
Relaxation rates were measured for poly(propylene imine) probe behaves quite differently than that measured using
dendrimers and model mononitroxidg 44, 416, 464). The results benzene as a probe. Even for the monomeric nitroXdde
for these relaxation rate measurements are presented in Figureelaxivity for water is 3.3 times greater than that for benzene.
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Figure 9. Inner-sphere relaxivity for dendrimers.

The ratio of water to benzene relaxivity increases with dendrimer

generation to~10 by generation 5. This result is consistent with

the hypothesis that water relaxivity is higher due to a significant
contribution from inner-sphere mechanism relaxivity, whereas
benzene relaxivity is due only to an outer-sphere mechanism

Discussion

Outer Sphere Relaxivity. In this study we sought to identify

J. Phys. Chem. A, Vol. 107, No. 41, 2008471

2
=7 @
T = 2202 (s + 1)) x
TS

100d | gp/P@s — @) + 3)() + 6)ws + w))] (2)

_ 1+ 528+ Z/8
) = 221 e + atie1 + ZieLt Fleas )
z= (260‘[[_-,)1/2 (4)

In comparing compoundsa and 1b, we see that nearly all
the parameters for these two species are identical; both these
isomers should exhibit similar diffusional properties. However,
one major difference in these two species is their electronic
exchange rates, as demonstrated by ESR studies (see Figure 1)
which may manifest themselves in the relaxivity through the
spin number $in eq 2). By using ESR1b exhibits the five-
line pattern which indicates thdb is in the strong exchange
limit (J > a).2921.23The ESR spectrib can be explained based
on the interaction between the unpaired electrorbadnd the
two 1N (I = 1) of the molecule. In the strong exchange limit,
each electron interacts equally with edéN nuclei, and so the
multiplicity of the hyperfine lines is P+ 1, wherel = 221 In
the case ofla, the ESR spectra exhibit a three-line pattern
indicative of negligible electronic exchange. Our data indicate
a slight (~10%) increase in relaxivity follb as compared to
1la, which is lower than what might be expectedlif were
acting as a spin 1 species in relaxing the protons of benzene
{T1Y(S=1)/[2T;4(S=Y,)] = 1.33. In the case ola, the two
spin-/, contributions effectively increase the concentration of
paramagnetic species to double that of a similar spin 1 species,
hence the factor of 2 in the denominator.) These results suggest
that the exchange rate may not be fast enough, compared with
7p (estimated to be-10—20 ps), to have a significant effect on
T 1in these systems. Water relaxivity results (see Table 3 and
Figure 6) also show no significant effect of exchange rate on
relaxivity. The ESR spectra for compouBdwhich shows fast
exchange behavior in acetonitrile but slower exchange behavior
in methanol (see Figure 1), can be used to estimate the exchange
rate in this system to be close to the hyperfine frequency
(22 x 107 S—l)ll9,20

In the case of dendrimergly, we can further probe the
relaxivity of polynitroxides as we increase the number of

how electronic exchange rates and degree of nitroxide substitu-hitroxides per molecule. In the event that a high-spin ensemble

tion would affect relaxivity. In choosing benzene as a probe

is generated, we would expect dramatic increases in relaxivity

molecule, we wanted to ensure that there would not be any On a per nitroxide basis due to t&S + 1) dependence from

strong interactions between the probe molecule and the relax
ation agent, thus measuring only outer-sphere relaxivity. With
these conditions in place, we can model the relaxivity of our
system using the theory of outer-sphere relaxattdrhis mode

of relaxation is modeled by eqs-#.2° The relevant translational
diffusion correlation timerp is described in eq 1, witd as the
collisional radius, an@® as the mutual diffusion constard &
Dpenzenet Dpre). IN €q 2,y1 andys are the gyromagnetic ratios
for the nucleusH) and electron, respectively, is Planck’s
constant divided by, Sis the spin of the paramagnetic center,
Na is Avogadro’s number, [M] is the concentration of the
relaxing center, and (see eqgs 3 and 4) is the relevant spectral
density function for diffusional relaxationrys and w, are the

Larmor frequencies for the electron and the nucleus, respec-

tively.

-eq 2. The ESR spectrum fdg in acetonitrile (see Figure 2)
exhibits a nine-line pattern (2- 1 lines, withl = 4), indicating
strong exchange and suggesting the possibility 8fa2 state.
Higher generation dendrimers show broad ESR spectra, and
splittings are no longer resolvable, but if the trend continues,
the possibility exists that spin states higher tf&as 2 could
result. The maximum possible spin state 4e5 would be S=

32. On the basis of our relaxivity measurements, this result was
not observed, as seen in Figure 4 and Table 2. The relaxivity
of 4g4is only ~2 times greater than that 8fon a per nitroxide
basis, as opposed to the 22 times greater relaxiVity}(S=32)/
[64T,1(S=,)] = 22} expected if all 64 nitroxides were
exchanging on a time scale which was fast with respecpto
Although this dramatic result is not observed, it is interesting
to note that the per nitroxide relaxivity does increase as a
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SCHEME 3: Determining Distance of Closest
Approach (d in Eq 1) for (a) Small Molecule Case and
(b) Dendrimer Case

d for front side collision
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function of generation by roughly a factor of 2 going fr@n
to 4e4 in both acetonitrile and methanol (see Figure 5 and
Table 2).

This effect is not entirely understood, but some insight can
be gained by modeling the experimental data (Figure 5) using
the outer-sphere diffusional model (eqs4).2°> To model the
relaxivity for the dendrimers, the dendrimer diffusion coef-
ficients Dpre must be determined. Using data for the rad)i (
for the parent poly(propylene imine) dendrinférand eq 5, the
values forDpgre can be estimatedk(= Boltzmann’s constant,

T = temperature, angl = solvent viscosity). Actual values for
a are expected to be slightly higher, since the nitroxide labels
are expected to increase the size of the dendrimers

KT

Dpre= @ )

Using these estimated diffusion constants, the experimental
data can be modeled and fit using a reasonable estimate for

(the distance of closest approach; see eq 2). The estimate use

for dis 1.4 A which has been used previously for nitroxides.
These fits are presented as the dashed lines in Figure 5. Althoug
the relaxivity does increase slightly based on the slower diffusion
of the dendrimeric nitroxides, this effect is not sufficient to
explain the experimental results.

As the dendrimer generation increases, the end groups in
dendrimers are forced into closer and closer proximity, espe-
cially when secondary interactions such as hydrogen bonding
between amides are preséht? For higher generation den-
drimers, the periphery of the dendrimer may be presenting
nitroxides in a more orderly fashion as a result of this crowding
effect. The result might be a smaller effective radius of collision
d for the relaxation interaction in larger dendrimers. Scheme 3
illustrates this possibility. The dashed regions in Scheme 3
represent the 3-dimensional volume in which a front-side
collision would occur with the correspondingly lower value of
d. As can be seen from Scheme 3b, this volume would be a
larger percentage of the molecule’s volume for the dendritic
polynitroxides, than for the mononitroxide.

Maliakal et al.

TABLE 5: Inner-Sphere Relaxivities riywer Calculated
Using Eq 3.1 and Data from Table 2.3.4 and Table 2.3.2

compound Irtot (Mflsfl) FouTER (M -1 Sfl) I'NNER (Mflsfl)
3 154+ 2 55+ 7 99+ 9
4, 195+ 3 59+ 2 136+ 5
446 335+5 71+1 264+ 6
4g4 786+ 73 86+ 1 700+ 74

greater for collisions from the backside (Scheme 3a). In the
dendrimer case, the likelihood of hitting the nitroxide on the
front face is enhanced (see Scheme 3b), and thus the effective
value ofd might be smaller. By systematically decreasing the
value ofd from 1.4 A for the model compoungito 1.06 A for

the generation 5 dendrimég,, a better fit of the data is achieved
for methanol (see solid line in Figure 5). Although this method
of fitting the data is somewhat ad hoc, using tthevalues
obtained from methanol, this model can be used to account for
the experimental data measured for acetonitrile, providing some
generality to this hypothesis. (The only parameter that was
changed going from methanol to acetonitrile is the solvent
viscosity parameten;.) Although this represents a viable
possibility to explain the results, more studies are required to
fully understand this effect.

Enhanced relaxivities in gadoliniuathelate-based dendritic
PRE’s are attributed to an increased rotational correlation time
due to slower rotation of these macromolecular gadolinium
chelates?® This effect manifests itself when inner-sphere
relaxation mechanisms are dominant, which is found to be the
case when water relaxivity is considered (vide infra). However,
this possibility for the benzene/polynitroxide system is consid-
ered unlikely based on the lack of strong interactions required
to invoke an inner-sphere mechanism.

Another hypothesis to explain the enhanced relaxivity is the
onset of faster electronic exchange in the sterically crowded
larger dendrimers. In this hypothesis, the possibility exists that,
in the larger generation dendrimers, subgroups of nitroxides are
exchanging rapidly and thereby acting as high-spin ensembles.
The data from compoundsa and1b suggest that, in the event
of pairwise exchange, only @10% enhancement is expected.
Also comparingd, with the model3 (see Table 2), we see only
a ~10% enhancement of relaxivity on a per nitroxide basis,

ven though the ESR data (Figure 2) indicate fast exchange for
4. So although exchange effects may play a role in enhanced

Helaxivity in these dendrimers, the magnitude of exchange effects

appears to be too small to explain the almost 2-fold increase in
relaxivity in generation g4 over the model compoungl

Water Relaxivity for Dendritic Polynitroxides. Measure-
ment of water relaxivity was of interest due to its relevance to
MRI applications. Water relaxivity is the sum of both inner-
sphere and outer-sphere contributions. To properly model inner-
sphere relaxivity, the outer-sphere contribution should be
subtracted from the total measured relaxivity.

The outer-sphere contribution to relaxivity was measured
using benzene as a probe (see previous section), and it is used
to estimate the outer-sphere contribution for water. Water
exhibits a slightly different diffusion coefficient in acetonitrile
(3.8 x 1075 cn¥/s) than benzene in acetonitrile (42 1075
cn¥?/s)27 All other parameters in the outer-sphere relaxation
equations (see eqs—4) are assumed to be the same. The
parameters fod, the effective minimum interaction distance
for the dendritic polynitroxides, are taken from the fit for the

In the small molecule case, the distance of closest approachbenzene data. The estimates of the outer-sphere relaxivity of

would be the average of collisions from the back and collisions
from the front of the mononitroxide, with the distance being

water ¢outer) by 3, 44, 416, and4s, are presented in Table 5.
Subtracting these values from the measured water relaxivities
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for these PRES'{o7), an estimate of the inner-sphere relaxivity TABLE 6: Radii and Calculated Rotational Correlation
contribution ¢nner) is achieved, as reported in Table 5 and Times for Dendritic Polynitroxides

Figure 7. compound dendrimer radius (&) 7 (S)
The Solomon-Bloemberg equations (eqs8) have been 4 44 3.2x 101

developed to model inner-sphere relaxivity:2%In general, two 4 9.3 3x 10710

types of inner-sphere relaxation are possible, i.e., contact and 44 13.9 1x 10°

dipole—dipole mechanism. However, the contact interaction is _ . ) )
not important in the relaxivity of nitroxide®. The dipolar TABLE 7: Radii and Calculated Rotational Correlation
' . . . . . Times for Dendritic Polynitroxides (Parameters Used:
relaxation mechanism is the dominant inner-sphere relaxationt, — e — R =
g ! o g Tie =200 nS;7, = 10 ns;R = 2.5 A)
mechanism and the magnitude of relaxivityy(er) is deter-
mined by eqs 6 and 4.q is the coordination number of the

rinner (M~1s71)

PRE, [C] is the molar concentration of solvent, TiHpipoLE iS compound 7 (S) calcd measd
the dipolar relaxation rate within the PRigprobe complexzm 3 1.9x 10-11 119 99
is the residence time of the probe in the complexjs the 4, 32x 101 183 136
gyromagnetic ratio for the nuclei being relaxéH (n our case), 4 3x 10710 1600 264

g is the electronig-factor, ug is the Bohr magnetom, is the 4ea 1x10°° 4850 700

distance between the proton and the paramagnetic_ center in thngP)DPOLE tend to be much greater than-280 ns. The result
complex, w and ws are the nuclear and electronic Larmor s thatrwer tends to be very weakly dependentgpat values

frequencies, and. is the global correlation time (see eq'8}. which are reasonable for the chemical exchange correlation time.
The interaction distance has been estimated through ESR
I'INNER = 9 (6) and relaxivity measurementsFor 2,2,6,6-tetramethyl-1-piper-
[CI(T1RoipoLe + Tnl idinyloxy (TEMPO), this distance is measured to be 2.9.3
1 A. In fitting the experimental small molecule data, the distance
— = dependence is quite strong due to théerm in eq 7. The value
(TlP)D|POLE for r was fit using the mononitroxidd, and a value of 2.5 A
22 2 was found to best fit the data for this small molecule. This value
2|7 94s SS+1) 37 T ) was held constant in evaluating the dendritic effects on the
15 re 1+ wlzrcz 1+ wszrcz assumption that water is a small molecule and steric crowding

of end groups in the dendrimer should have a minimal effect
The value ofg is taken to be 1, which means one hydrogen on the waternitroxide hydrogen bond distance.

bond can be formed to one nitroxide at a tifiéChe global The rotational correlation time is by far the fastest of the
correlation timez. takes into account all processes which three correlation times in eq 8 for small molecules. In methanol,
modulate the inner-sphere dipolar interaction. These processes, has been evaluated to be30 ps for a small molecule
include electronic relaxation, chemical exchange in the complex, nitroxide3¢ Adjusting for solvent viscosity, this value is
and rotation. The global correlation time is calculated from the estimated to be 19 ps in acetonitrile. For small molecules, the
correlation times for each of these processes as defined byrotational correlation time dominates the global correlation time

eq 82 and hence has a strong influence on inner-sphere relaxivity as
has been observed experimentdlf%3° For the dendritic
1=i+i+l (8) polynitroxides, the rotational correlation time is expected to
e Te T 7 increase.

. o . L Small-angle neutron-scattering studies have been used be-
. The electronic relaxatlonztlgr;'éle]s slow for nitroxides and fore?® to measure the size of poly(propylene imine) dendrimers.
is on the order of 200 n$:2>33This turns out to be several  Tpege radii are presented in Table 6, and they can be used to
orders of magnitude larger than the chemical exchange correla-ggiimate the rotational correlation time for these molecules using
tion time t, and the rotational correlation timg, and thus eq 9 @ is the dendrimer radius; is the solvent viscosityk is
contributes very little to the global correlation timg Although Boltzmann'’s constant, arfis the temperaturé)2 The rotational

one may consider the possibility that the electronic relaxation ¢ e|ation times calculated for acetonitrile (viscositys 0.369
time could decrease in the dendritic polynitroxides as a function cP)2’ are also presented in Table 6.

of generation, this effect would be accompanied by a broadening

in the ESR line width for these compounds. However, line A7a’y

broadening is not observed in comparisonlafand 1b, and T = 3KT )

also in dendrime#, (see Figures 1 and 2). Furthermore, since

the rotational correlation times are of the order of tens of  Using these values for;, an estimate for the inner-sphere

picoseconds to a maximum of1 ns for4e,, a reduction ofT ;e relaxivity can be calculated, and these estimates are presented

by about 2 orders of magnitude would be required in order for in Table 7. As can be seen from Table 7, using the rotational

this correlation time to begin contributing significantly to the correlation times derived from experimental measurements of

global correlation timer.. Although this possibility cannot be  dendrimer size does not give inner-sphere relaxivities that agree

rigorously excluded at this point, the existing data and previous with experimentally measured values. Attempts to improve

studies of di-, tri-, and tetranitroxides in the literatfreuggest agreement between the model and experimental data using

that this possibility is unlikely. different values ofry,, varying from 100 ps to 2Qks, failed
Correlation times for chemical exchange of water at nitroxides (see Supplemental Information for details). The discrepancy

have been estimated to be between 10 and 50Aumin these between the experimental data and estimates derived using the

values are much larger than the values,dbr small molecules, experimental dendrimer radii argues against whole-dendrimer

and are still an order of magnitude larger than the maximum rotation being responsible for the relaxivity enhancements

value of 7, of ~1ns for 4¢4 (vide infra). Also the values  observed for the poly(propylene imine) dendritic polynitroxides.
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TABLE 8: Effective Rotational Correlation Times z, TABLE 9: Effective Spin State Calculated from
Calculated from Experimentally Derived Inner-Sphere Experimentally Derived Inner-Sphere Relaxivities under
Relaxivities (Parameters Used:T1e = 200 ns;z, = 30 ns; the Assumption of Constant Rotational Correlation Time
R=25 /—\) (Parameters Used: T1e = 200 ns; 7, = 30 ns; 7, = 19 ps;
compound measdwner (M ~1s7Y) effectiver;, (s) R=254) — . .

3 99 15% 1011 compound measuragner (M 1s1) effective spin stateS)

4, 136 2.3x 1071 3 99 0.5

446 264 4.8x 10°1* i 136 0.58

4g4 700 1.3x 10°%0 44 264 0.89

46 700 1.65

Since the rotational correlation times calculated using the
experimentally measured dendrimer radii do not correspond to results in an effective spi that is greater than 0.5 for these
measured relaxivity, it suggests that the rotational correlation Polynitroxides. In the case of the generation 5 polynitroxide
time for the nitroxide in the dendrimer is not determined by 44 the effective spin required to fit the data is 1.65, suggesting
the motion of the entire dendrimer molecule. An alternative that, on average, groups of roughly three nitroxides may interact
possibility is that the nitroxide can rotate through segmental to form high-spin states through strong exchange interactions.
motion faster than through rotation of the entire dendrimer. If ~ Although the possibility exists that steric crowding of end
this is the case, an effective rotational correlation time which groups could push the dendrimers into a regime of strong
is faster than that for whole molecule rotation will result. Similar €xchange and higher effective spin state, the results for the
conclusions have been drawn for gadolinium-based dendritic model dinitroxideslaand1b do not agree with this hypothesis,
PREs3"38 Using the experimental data and assuming that since no difference is observed in relaxivities of these two
changes in rotational correlation time are responsible for the isomers regardless of the fact that ESR indicdtiego be in
change in inner-sphere relaxivity, one can calculate an effective fast exchange, whereds shows a negligible exchange rate.
rotational correlation time, and these are presented in Table 8. Ultimately, magnetic susceptibility measureméht8 may

As can be seen from Table 8, the increase;irequired to answer the question of the effective_ spin state of these dendritic
account for the experimental data is On|y a factor of 9 going polynitroxides. However, the more ||ke|y cause of the enhanced

from the mononitroxide3 to the generation 54gs, Which inner-sphere relaxivities of these dendritic polynitroxides is that
contrasts with the~50 times increase in, expected ifz; the rotational correlation time increases with increasing den-
reflected rotation of the entire dendrimer molecule. This suggestsdrimer generation. . . . .
that if 7, is the determining factor in the dendritic relaxivity Interestingly, in a previous study of dendrimer-linked polyni-

increase, then the dendrimer structure is primarily increasing troxides? in aqueous solution, the authors reported constant
the segmental rotational correlation time of the terminal nitroxide relaxivity on a per nitroxide basis. The apparent conflict between
groups, possibly through increased steric crowding in the larger this result and the results of our study can be explained on the
dendrimers. basis of known aggregation effects of nitroxide-labeled den-
Other possibilities must also be considered. In all calculations drimers in aqueous solutidfiAggregation of nitroxide-labeled
performed thus far, the spin state of the nitroxide is assumed todendrimers could render some surface nitroxide groups inac-
be Y, that is to say no high-spin states have been invoked to cessible, and this is consistent with a small decreas®{6)
account for the data. However, with water as the probe, the I reIa_X|V|ty on a per nitroxide basis observed fo_r generatlon 4
residence timen, (10—50 nsY is on the order of the electronic ~ dendrimers as compared to model compounds in this previous
exchange time scale. This suggests the possibility that the wate@qUEOUS studi
probe molecule could possibly experience relaxation from a .
high-spin state in the fast exchanging nitroxides. Conclusions

The data, however, argue against this possibility. The water  Fully nitroxide functionalized poly(propylene imine) den-
relaxivities oflaand1b are identical within experimental error.  drimers show higher outer-sphere relaxivities on a per nitroxide
As was seen in the case of outer-sphere relaxivity, the exchangepasis than do model monomeric nitroxides as measured using
rate does not appear to be an important parameter. This furthehe probe molecule, benzene, in both acetonitrile and methanol.
suggests that although electronic exchange occurs rapidly in theThe relaxivity is observed to increase as a function of dendrimer
ortho isomerlb, it does not imply the presence of high-spin generation. This enhancement may be related to the congestion
(S=1) states in any significant concentration. of dendrimer end groups in higher generation dendrimers

As was the case with outer-sphere relaxivities, the measuredpermitting a more ordered presentation of nitroxide ends on the
rnner vValues are too small to be consistent with high-spin periphery of the dendrimer. This crowding may facilitate
species in the case of dendritic polynitroxides. Alternative to collisions between our probe benzene molecules and the active
extremely high-spin states formed through exchange of as manynitroxide end of the PROXYL moiety. In the small molecule
as 64 nitroxide spins, the possibility exists for exchange among case, the potential exists for less productive collisions with the
subgroups of spins in the dendritic polynitroxides. To consider alkyl ring back portion of the PROXYL moiety. The greater
this possibility, the spin stat8 is calculated from the experi-  likelihood of front face collisions in the larger dendrimers would
mentally derived inner-sphere relaxivities. In these calculations, be expected to lower the effective distance of closest approach
the rotational correlation time is held constant for the different d (see eq 1) and thereby enhance relaxivity. Although this is a
generations of nitroxides and the entire relaxation enhancementviable hypothesis as demonstrated by modeling experimental
is considered to be due to an increase in the effective Spin  data in two solvents, other possibilities may contribute.

These results are presented in Table 9. Water relaxivity for these PREs has been measured in
This hypothesis offers an alternative explanation to that of acetonitrile. Although eventual applications are more likely to
rotational correlation time determining the inner-sphere relax- be in an aqueous environment, solubility and aggregation issues
ivity of dendritic polynitroxides. In this hypothesis, the polyni- complicate the study of the basic relaxivity parameters of the

troxides exist in an ensemble of high and low spin states, which dendritic polynitroxidegly in aqueous solution. The dendrimeric
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polynitroxides have been shown to aggregate in aqueous (2) Lauffer, R. B.Chem. Re. 1987 87, 901.
solutioni4 and these aggregation effects obsétiamy correla- (3) Toth, E.; Helm, L.; Merbach, A. ATop. Curr. Chem2002 221,
tion between measured relaxivity and the parameters we sough (4) Toth, E.: Helm, L.: Merbach, A. E. Relaxivity of Gadolinium(lll
to probe. o ~ Complexes: Theory and Mechanism.The Chemistry of Contrast Agents
Water relaxivity measurements show even more dramatic in Medical Magnetic Resonance Imagiriderbach, A. E., Toth, E., Eds.;
enhancements of relaxivity as a function of dendrimer generation J- Wgeys&_ SE”; I_Ltd%hCh'CheSJeAf' El_”g"?‘”'%ezl(_ml? P 4; Acedom
than do measurements with benzene. Significant inner-spherepres(s? o York h7ac o andaep icatigriserliner, L., Ed.; Academic
contr_ib_utions to relaxivity are res_pon_sible for enh_anced water  (g) Keana, J. F.W.: Pou, S.: Rosen, G. Magn. Reson. Med.987,
relaxivity. The inner-sphere contribution to relaxivity has been 5, 525.
modeled using the SolometBloemberg equations, and slower R @) ?Aendfl%tgni FéigBFOWH, R.D.; Koenig, S. H.; Swartz, H. Magn.
H H ; H g H eson. Me ) 4, .
rotatlonal correlation times I.n the larger dendrlt!c pqunltrox . (8) Vallet, P.; Vanhaverbeke, Y.; Bonnet, P. A.; Subra, G.; Chapat, J.
ides appears to be responsible for larger per nitroxide relaxivi- p . muller, R. N.Magn. Reson. Medl994 32, 11.
ties. The increase im, appears to be due to a reduction in (9) Kobayashi, H.; Kawamoto, S.; Jo, S.; Bryant, H.; Brechbiel, M.;
segmental motion in higher generation dendrimers rather thanStar, R.Bioconjugate Chen2003 14, 388.
to global rotation of the dendrimer. This conclusion is analogous Chgg)_ggihj El-égzugai‘éb?m Vauthey, S.; Helm, L.; Merbach, A. E.
to findings for_gad0|'n'um'based dend”t'_"c PR:ES' (11) Bosman, A. W.; Janssen, R. A. J.; Meijer, E. Macromolecules
The evaluation of compoundsa and 1b indicates that both 1997 30, 3606.
inner- and outer-sphere relaxivities are not strongly dependent (12) Winalski, C. S.; Shortkroff, S.; Mulkern, R. V.; Schneider, E.;
on exchange rate in these dinitroxides. Ro(slesf;v S M-MagnéReDSO”- hgeclgO(l)_z 48|,|'925. Verbach A Decurting. S
H : : . : e rancese, G.; bunand, F.; Loselll, C.; Merbach, A.; Decurtins, S.
Th_e_ _hlgher generation polyn|trO_X|_de dendrlm_ers exhibit Magn. Reson. Cher@003 41, 81,
relaxivities exceeding those for gadolinium(ll) chloride and thus  (14) vordanov, A.; Yamada, K.; Krishna, M.; Mitchell, J.; Woller, E.;
represent an exciting class of potential paramagnetic relaxationCloninger, M.; Brechbiel, MAngew. Chem., Int. E®001, 40, 2690.
enhancers for application in the magnetic resonance imaging (15) Jacques, V.; Desreux, Top. Curr. Chem2002 221, 123.
area. Furthermore, chemical modification of the substrate (16) Jenks, W.; Turro, NRes. Chem. Intl99Q 13, 237.

dendrimer could possibly overcome problems associated with 10%9 Turro, N.; Khudyakov, I.; Dwyer, DJ. Phys. Chem1993 97,

aqueous phase aggregation and in addition open up the (18) Turro, N.; Khudyakov, I.; Bossmann, S.; Dwyer,DPhys. Chem.
possibility of targeting specific tissues or organs in imaging 1993 97, 1138.
applications. Finally, although enzymatic processes for reductive 19%9) Rl%zsa”tsevy E. Geree Nitroxyl RadicalsPlenum Press: New York,
degradatlon of nitroxides red.u.ce thelr.effe.ctlveness in vivo, the (26)pParmon, V.: Zhidomirov, GMol. Phys.1974 27, 367.
steric constraints of a dendritic p_olyn|trOX|d_e framework have _(21) Luckhurst, G. Biradicals as Spin ProbesSipin Labeling Theory
been shown to render these species less active toward enzymatiand ApplicationsBerliner, L., Ed.; Academic Press: New York, 1976.
destruction, thereby increasing their effective lifetimes in V#o. (22) Glarum, S.; Marshall, d. Chem. Phys1967, 47, 1374.

In summary, the advantages of polynitroxide dendrimers (i.e., (23) Luckhurst, GMol. Phys.1966 10, 543.
high relaxivity, low toxicity, and potential for specific targeting lg%‘%op"égg‘_m' V- Kokorin, A.; Zhidomirov, G.; Zamaraev, Mol. Phys.
mechanisms) make them promising candidates for further study ™ (>5) Banci, L. Bertini, I.: Luchinat, C.Nuclear and Electronic
as paramagnetic relaxation enhancers for magnetic resonanc®elaxation VCH: Weinheim, Germany, 1991.
imaging applications. However, the significant challenge of  (26) Luckhurst, G.; Pedulli, GJ. Am. Chem. Sod.97Q 92, 4739.

i i i (27) CRC Handbook of Chemistry and Physi&d electronic ed.;
removing aqueous phase aggregation is yet to be overcome. CRC: Boca Raton, FL. 2002. Vol. 2003,
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