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SUMMARY: A novel AB.type dendrimer/linear polymer block copolymer, i.e., poly(trimethyleneimine)
dendrimerblock-(polysarcosine) (1), was synthesized by ring-opening polymerization of sarcdsicarbo-
xyanhydride initiated with the 64-Niterminal poly(trimethyleneimine) dendrimer as a macroinitiatdras

narrow molecular weight distribution#4(,/M, = 1.0,—1.Q, by size exclusion chromatography) and controlled
polysarcosine chain lengths (by varying the monomer/dendrimer feed molar ratios). Small-angle neutron
scattering (SANS) data obtained in@solution of1 (DP’s of polysarcosine = 2.0 and 24) fitted well with a
Guinier plot of a spherical particle, and gave diameters of 44 and 10€sfectively.

Introduction number of linear segments is strictly determined by gen-

Since spherical molecules have some remarkable featur%r?t'on of the dendrimer when the fast initiation system is

such as a molecular capsule and a ball bearing, fullere ’opted. Thus, the present multiple polymerization sys-

dendrimers®, and microspheres attracted much attentio is different from conventional polymerizations

in a wide range of fields from molecular science to matet_employed for preparation of star polymétsAs dendri-

. . . . _li ,22)
rials science. Diameters of common dendrimers (051'.]er like star polymers, poly{caprolactone}s** and

<10 nm) are intermediate between those of fullerene (goly(methyl methacrylate}8 were also reported recently.

,&) and microspheres (0.1-10n). Homodendrimers are Th-is report descripes RGP of sar.cosme:{:\rboxyan.-
generally known to have a limitation of molecular sizd'Ydride (SarNCA) with PTMI dendrimer. Ring-opening
olymerization of SarNCA is known to proceed cleanly

due to increasing defects of branching or incomplete colfs ) . .
pling of high-generational dendrons. Especially, dendrilVithout side reactions to afford polysarcosine (poly(Sar)),
’ ' poly(N-methylglycine}®. Besides the synthetic

mers with a short interbranch-point distance have a smaif / _
molecular size, whereas small dendrimers possess attr pect, size and shape of the star-_shape_d d_endnmer are
tive characters, e.g., a molecular cap$tland regulated iscussed from the results of SANS investigations.
molecular shage®. Poly(trimethyleneimine) (PTMI)
dendrime?, namely poly(propyleneimine) dendri- . )
mer-5101) is an important dendrimer for the purpose ofResults and discussion
derivatization to enlarge the globular shape by introduRing-opening polymerization of sarcosiiecarboxyan-
cing a block structure. hydride (SarNCA), i.e.,N-methylglycine NCA, with
Among block dendrimef linear polymer/dendrimer poly(trimethyleneimine) (PTMI) dendrimer of 64-NH
block copolymers have an advantage to combine charaerminal-type was carried out in chloroform at Z7
teristic properties of dendrimers and linear polynet8  under a nitrogen atmosphere (Scheme 1). The product
It is noteworthy that the star-shaped block copolymer isvas purified by repeated reprecipitations from methanol
conveniently prepared by one-pot reaction with a dendrinto diethyl ether. Block copolymel was obtained in
tic initiator, while chemical structure of the products is91—-99% vyields. The results are summarized in Tab. 1.
complicated. The DP’s of the polysarcosine (poly(Sar)) block were
We have already reported that radial-growth polymerigdetermined byH NMR spectroscopy, using averaged sig-
zation (RGPYP of sugar-substituted monomers withnal intensity ratios of methyl (3.0-2.9 ppm) and methyl-
poly(amido amine) dendrimers affords a family of sugaene protons (4.4—4.0 ppm) of poly(Sar) to methylene pro-
balls'®*® of oligoglycopeptide-type with star-type tons of PTMI (1.71 ppm). The evaluated DP’s closely
branches. In this polymerization system, propagating veagreed with the feed molar ratios of SarNCA to the term-
tors have an order of a radial symmetry initiated by terminal primary amino groups of PTMI dendrimer. In tH€
inal active ends of the dendrimer as an initiator core. ThHRMR spectra, neither signal due t6 and f-methylene
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Schemel: Syntlesis of starshapedpoly(trimethylenémine) dendrimer-block-(polysarco-
sineks (1)
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Tab.1. Polymerizationof sarcosineN-carboxyanlgdride initiated with poly(trimethyleneimine)dendrime®

Run M, Yield DP M, x 10 MJ/MY MM
No. [—NH,] in %
° Calc® NMR®  SEQ SEQ
1 2.1 96 2.0 1.6 1.6 1.1 2.9 1.0, 1.0,
2 55 99 5.2 3.2 3.1 2.9 7.0 1.05 1.0,
3 22 91 24 11 12 6.0 13 1.0, 1.0,
4 49 96 51 23 24 12 24 1.0, 1.05

¥  Solvert: chloroform;[M]o: 0.10mol/L; tempeature:27°C; time: 20 h; undernitrogen.

b Feedmolarratio of sarcosineéN-carboxyankdrideto terminal aminogroups of poly(trimethylenémine) dendrimer
9  Averagedegreeof polysacosine determing by *H NMR in D,O at27°C.

9  Theoeticalmolecularweight.

®  Determing by *H NMR in D,O at27°C.

) Estimatal by sizeexclusionchromatogaphy(SEC)in 0.06 m K,HPQ, ag.solutionat 27°C (pullulan standad).

9 Estimat& by SECin 0.05m K,HPQ, ag.solutionat 27°C (globuar proteinstandard).

moietiesof an unreactedeminus of the PTMI initiator  initiation and slow propagéon system It is reasonale
was observed Especially, initiation from all theterminal  thatreactivity of primary aminesof the initiator is higher
aminogroupsoccurredevenin run no. 1, which indicates than that of secondry aminesof the propagting ends.
that this radial-growth polymeriztion (RGP is a fast The M, values estimatedby SEC calibratedwith pullulan
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Fig.1. Profiles of size exclusbn chromatogrphy (SEC) of
poly(trimethylenémine) dendrimesblock-(polysarcoge)s, (1);
a) run no. 1; b) run no. 2; ¢) run no. 3; d) run no. 4, in 0.05m
K,HPQO, ag.solutionat 27°C

standardsn 0.05m K,HPQ, aq. were lower than those
calculaed accoding to the DP’s by 'H NMR specto-
scopy Theresultis logically interpreedasfollows. Since
1 has a globular brancled structure, the hydrodyramic
volumeof 1 is smaler thanthat of linear pullulan having
the samemolecubr weight. On the otherhard, M, values
of 1 of run nos.3 and4 evaluded by usingglobular pro-
tein standard were nearly consstent with those deter
minedby *H NMR. Thatthe M,’s of run nos.1 and2 by
SEC(globularprotein standird) werelargerthanthoseby
H NMR, canbe understoodoy the differerce of hydro-
dynamic volumes of the dendrimer with inner cavities
andof globular proteinshavinga compacty folded struc-
ture. The SEC analysis also gawe narrow molecula
weightdistributions (M,/M, =1.0,—1.0,) of 1, which were
obtainedfor both of the standirds.Thesevaluesarerea-
sonable taking accowt of the hybridized structure
betweena dendrimeranda linearpolymer. The SECpro-
files areshown in Fig. 1. With increasingthe feedratios
of monomerto initiator, the unimodal sharppeaksof the
resulting polymers shifted toward higher molecubr
weight region systenaticaly, indicating that cortrolled
RGP of SarNCA proceededwith the denditic initiator.
Differentfrom the cas of convertional graft copolymer
synthegs by the macranitiator method,which hasa ten-
dencyto generateuncontrdlable side chairs, the present
RGP would producea regulated linear block. It is pre-
sumably due to the favorable location of the amino
groupsof the growing endson the pelipheryin the couse
of RGPonaverage.

1 was soluble in methandy dimethyl sulfoxide, and
waterin a concentation of 1.0g/L. Pdy(Sar) homopoly
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Fig.2. Guinierplotsof small-angleneutronscatteringntensity
of 1.0 wt.-% D,O solution of poly(trimethyleneimine)dendri-
mer-block-(polysarcosingDP = 24)), (1) at25°C

mer was also soluble in thesesolvents. Contraryto our
prediction, 1 wasinsolubk in dichloromethare and N,N-
dimethylformamide, which are solventsfor poly(Sar). It
is probally dueto formation of a relatively denseshell of
poly(Sar)(videinfra).

Molecular size and shapeof the linear polymerhyper
linked derdrimer 1 were examinedby a smallangleneu
tron scatteing (SANS) stud/?29. SANS is a powefful
methodolayy to deternine sizeandsha of a nanosale
physical structure. Fig. 2 shows a Guinier plot of SANS
dataof a D,O solution of 1 (DP of poly(Sar)= 24) at a
corcentrationof 1.0 wt.-%. We can seethat logarithrric
1(Q) values deceaselinearly with increasing@® at Q =
0.024-0.1 A% From equdions for spherich particles
descibedin the experimenal section, theradus of 1 (DP
= 24) was obtainedto be 50 A (Fig. 3). The calcuated
values of the radiusof 1 were 39 and 89 A, empoying
threedimensonally contraced andexterded Corey-Paul-
ing-Koltum (CPK) models, respectiely. Therdore, it
wasfoundthat1 (DP = 24) hada relatively shrunkstruc-
ture in aqueoussolution. The tencency to form a dense
poly(Sar) layer seemsto influence the aforememioned
insdubility in dichloromethare and N,N-dimethylforma-
mide. SANS investigations were further undertakenfor
the PTMI dendrimer and PTMI dendrimefblock-oligo-
sacosinel (DP = 2.0), to afford radii of 17 and 22 A,
resgectively (Fig. 3). The former value is comparableto
that reportedby Ramziet al.® (R = 18 A) andthe latter
value is accepable for the PTMI dendrimerwith two
repeatingunits of sarcosine.

The resultsobtainedin this study hawe a fundamersl
signficance that corstructionof nanoméer-scalesphei-
cal polymers with narow sizedistributionswill be easily
achevedby the synchraized multiple-propagatian with
derdritic initiators, insteadof converional living poly-
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Fig.3. Scheméc illustrations of a) poly(trimethyleneiming
dendrimerand starshape dendimers 1, b) DP of poly(Sa) =
2.0;c) DP of poly(Sa) = 24, onthebasisof the small-angle neu-
tron scatteringanalysis

merizatbns prodiwcing high-mdecularweight polymes

from extra-puified monomes. Furthermoe, termimal

secondey aminogroupsof the starshapedpolysarcosine
will be utilized by selectivederivatizatbons, which pro-

vide a variety of mesoscoi functionalmaterials.

Experimental part

Materials

Poly(trimethyleneimine) (PTMI) dendrimer (Astramol™)
waspurchasedrom DSM Co., Geleenthe NetherlandsSar
cosineN-carboxyanhydridéSarNCA)was preparedaccord-
ing to the literaturé?. Solventswere dried and purified by
distillations under nitrogen.D,O usedfor NMR and SANS
analyseswas purchasd from Aldrich Chemical Co., and
usedwithout purification.

Typical procedue of preparationof PTMI dendrimerblock-
(polysarosiney, (1)

The procedureof run no. 3 is asfollows. In aflask equipped
with a three-waystopcockwereplaced8.4mg (1.2 umol) of

PTMI dendrimer(generation= 4.0, 64-terminal-type,1,4-

diaminobutaneore)and16.0mL of chloroformundernitro-

gen. To the solution, 0.190g (1.65mmol) of SarNCAwas
addedwith a gastightsyringe,stirredat 27°C for 20 h. The
product was purified by repeated reprecipitations from

methanolto diethyl ether After drying in vacuo,white pow-

dery 1 wasobtainedn 91.3%yield.

1 (runno.3, DP of poly(Sar)= 24):

IR (KBr disk): 3477 (vn-n), 2939 (vcr), 1660 (ve=o),
1494,1404,1340,1300,1234,1105cnT™,

'H NMR (DO, ref. MeOH, 27°C, 400MHz): 6 = 4.40—
4.00 (m, 3070H, CH, of poly(Sar)), 3.17 (m, 130H,
CH,NHCO), 3.02-2.88 (m, 4610H, CH; of poly(Sar)),
2.64-2.58 (m, 370H, NCH, of PTMI), 1.71 (m, 250H,
CH,CH,CH, of PTMI).

13C NMR (D0, ref. MeOH, 27°C, 100MHz): § = 171.2
(C=0 of poly(Sar)),53.6-50.9(CH; of poly(Sar)andNCH,
of PTMI), 38.4(CH,NHCO), 36.7—-35.0 (CH; of poly(Sar)),
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'H NMR dataof 1 having oligosarcosineobtainedin run
no.1is asshownbelow:

H NMR of 1 (runno. 1, DP of oligo(Sar)= 2.0) (D0, ref.
MeOH, 27°C, 400MHz): 6 = 4.34and4.03 (m, 250H, CH,
of oligo(Sar)),3.17 (m, 130H, CH,NHCO), 3.03,2.99,2.94,
and 2.89 (m, 380H, CH; of oligo(Sar)), 2.66-2.50 (m,
370H, NCH, of PTMI), 1.68 (m, 250H, CH,CH,CH, of
PTMI).

Instruments

IH and®®C NMR spectrawererecordedwith a Bruker ARX-
400 operatingat 400MHz (*H) and 100MHz (*3C), respec-
tively. FT-IR spectrawere obtainedon a JASCOFT/IR-610.
Size exclusion chromatography(SEC) was performed by
JASCOPU-980with an RI detectorof JASCORI-930 (col-
umn, Superdex200 HR 10/30 (PharmaciaBiotech); eluent,
0.05m K,HPO, ag.; temp., 27°C; flow rate, 0.5 mL/min.;
standardpulluranor globularproteins(Pharmaciaiotech)).
The SANS measurements/ere madeusing the cold neu-
tron small-anglescatteringinstrumentWINK at the High
Enegy AcceleratorResearchOrganization,Tsukuba,Japan.
The instrumentwas operatedat a neutronradiationof 1-16
A wavelengthat 25°C, using a rectangularquartz cell of
dimensios 22x40x2mm. The SANS intensities were
obtainedasa function of scatteringvectorQ (= (4n/A) sin(6/
2), where 1 and # arethe neutronradiationwavelengthand
the scatteringangle,respectively).The radii were calculated
from the slopeof arepresentationf intensity 1(Q) versusQ?
in the Guinierregime(1(Q) = lo exp(—R2Q?3)) andanequa-
tion (RZ = 3R?/5) for a sphericaparticlemodel,wherelo, R,
andR area constanttheradiusof gyration,andthe radiusof
asphericalparticle,respectively
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