
Synthesis of a novel star-shaped dendrimer by radial-growth
polymerization of sarcosineN-carboxyanhydride initiated with
poly(trimethyleneimine) dendrimer

Keigo Aoi1, Tadashi Hatanaka1, Kaname Tsutsumiuchi1, Masahiko Okada*1, Toyoko Imae2

1 Department of Applied Molecular Biosciences, Graduate School of Bioagricultural Sciences, Nagoya
University, Chikusa-ku, Nagoya 464-8601, Japan

2 Research Center for Materials Science, Nagoya University, Chikusa-ku, Nagoya 464-8602, Japan

(Received: March 10, 1999; revised: April 12, 1999)

SUMMARY: A novel ABn-type dendrimer/linear polymer block copolymer, i.e., poly(trimethyleneimine)
dendrimer-block-(polysarcosine)64 (1), was synthesized by ring-opening polymerization of sarcosineN-carbo-
xyanhydride initiated with the 64-NH2-terminal poly(trimethyleneimine) dendrimer as a macroinitiator.1 has
narrow molecular weight distributions (M

—
w/M

—
n = 1.01–1.03, 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 D2O 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 100 A˚ , respectively.

Introduction
Since spherical molecules have some remarkable features
such as a molecular capsule and a ball bearing, fullerene,
dendrimers1–3), and microspheres attracted much attention
in a wide range of fields from molecular science to mate-
rials science. Diameters of common dendrimers (ca.
a10 nm) are intermediate between those of fullerene (7
Å) and microspheres (0.1–10lm). Homodendrimers are
generally known to have a limitation of molecular size
due to increasing defects of branching or incomplete cou-
pling of high-generational dendrons. Especially, dendri-
mers with a short interbranch-point distance have a small
molecular size, whereas small dendrimers possess attrac-
tive characters, e.g., a molecular capsule4, 5) and regulated
molecular shape6–8). Poly(trimethyleneimine) (PTMI)
dendrimer9), namely poly(propyleneimine) dendri-
mer4, 5, 10, 11), is an important dendrimer for the purpose of
derivatization to enlarge the globular shape by introdu-
cing a block structure.

Among block dendrimers3), linear polymer/dendrimer
block copolymers have an advantage to combine charac-
teristic properties of dendrimers and linear polymers12–14).
It is noteworthy that the star-shaped block copolymer is
conveniently prepared by one-pot reaction with a dendri-
tic initiator, while chemical structure of the products is
complicated.

We have already reported that radial-growth polymeri-
zation (RGP)15) of sugar-substituted monomers with
poly(amido amine) dendrimers affords a family of sugar
balls16–19) of oligoglycopeptide-type with star-type
branches. In this polymerization system, propagating vec-
tors have an order of a radial symmetry initiated by term-
inal active ends of the dendrimer as an initiator core. The

number of linear segments is strictly determined by gen-
eration of the dendrimer when the fast initiation system is
adopted. Thus, the present multiple polymerization sys-
tem is different from conventional polymerizations
employed for preparation of star polymers20). As dendri-
mer-like star polymers, poly(e-caprolactone)s21, 22) and
poly(methyl methacrylate)s23) were also reported recently.

This report describes RGP of sarcosineN-carboxyan-
hydride (SarNCA) with PTMI dendrimer. Ring-opening
polymerization of SarNCA is known to proceed cleanly
without side reactions to afford polysarcosine (poly(Sar)),
i.e., poly(N-methylglycine)24). Besides the synthetic
aspect, size and shape of the star-shaped dendrimer are
discussed from the results of SANS investigations.

Results and discussion
Ring-opening polymerization of sarcosineN-carboxyan-
hydride (SarNCA), i.e.,N-methylglycine NCA, with
poly(trimethyleneimine) (PTMI) dendrimer of 64-NH2-
terminal-type was carried out in chloroform at 278C
under a nitrogen atmosphere (Scheme 1). The product
was purified by repeated reprecipitations from methanol
into diethyl ether. Block copolymer1 was obtained in
91–99% yields. The results are summarized in Tab. 1.
The DP’s of the polysarcosine (poly(Sar)) block were
determined by1H NMR spectroscopy, using averaged sig-
nal intensity ratios of methyl (3.0–2.9 ppm) and methyl-
ene protons (4.4–4.0 ppm) of poly(Sar) to methylene pro-
tons of PTMI (1.71 ppm). The evaluated DP’s closely
agreed with the feed molar ratios of SarNCA to the term-
inal primary amino groups of PTMI dendrimer. In the13C
NMR spectra, neither signal due toa- and b-methylene
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moietiesof an unreactedterminus of the PTMI initiator
wasobserved. Especially, initiation from all the terminal
aminogroupsoccurredevenin run no. 1, which indicates
that this radial-growth polymerization (RGP) is a fast

initiation and slow propagation system. It is reasonable
that reactivity of primary aminesof the initiator is higher
than that of secondary aminesof the propagating ends.
TheM

—
n values estimatedby SECcalibratedwith pullulan

Scheme1: Synthesis of star-shapedpoly(trimethyleneimine) dendrimer-block-(polysarco-
sine)64 (1)

Tab.1. Polymerizationof sarcosineN-carboxyanhydrideinitiated with poly(trimethyleneimine)dendrimera)

Run
No.

�M�0
�ÿNH2�0

b� Yield
in %

DPc) M
—

n6104 M
—

w/M
—

n
f) M

—
w/M

—
n
g)

Calc.d) NMRe) SECf) SECg)

1 2.1 96 2.0 1.6 1.6 1.1 2.9 1.03 1.03

2 5.5 99 5.2 3.2 3.1 2.9 7.0 1.03 1.04

3 22 91 24 11 12 6.0 13 1.01 1.01

4 49 96 51 23 24 12 24 1.04 1.03

a) Solvent: chloroform;[M]0: 0.10mol/L; temperature:278C; time: 20h; undernitrogen.
b) Feedmolarratio of sarcosineN-carboxyanhydrideto terminal aminogroupsof poly(trimethyleneimine) dendrimer.
c) Averagedegreeof polysarcosine,determined by 1H NMR in D2O at 278C.
d) Theoreticalmolecularweight.
e) Determined by 1H NMR in D2O at 278C.
f) Estimated by sizeexclusionchromatography(SEC)in 0.05 M K2HPO4 aq.solutionat 278C (pullulan standard).
g) Estimated by SECin 0.05M K2HPO4 aq.solutionat 278C (globular proteinstandard).
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standardsin 0.05M K2HPO4 aq. were lower than those
calculated according to the DP’s by 1H NMR spectro-
scopy. Theresultis logically interpretedasfollows. Since
1 has a globular branched structure, the hydrodynamic
volumeof 1 is smaller thanthat of linear pullulan having
thesamemolecular weight.On theotherhand, M

—
n values

of 1 of run nos.3 and4 evaluated by usingglobular pro-
tein standards were nearly consistent with those deter-
minedby 1H NMR. That the M

—
n’s of run nos.1 and2 by

SEC(globularprotein standard)werelargerthanthoseby
1H NMR, can be understoodby the difference of hydro-
dynamic volumes of the dendrimer with inner cavities
andof globularproteinshavinga compactly foldedstruc-
ture. The SEC analysis also gave narrow molecular
weightdistributions(M

—
w/M

—
n =1.01–1.04) of 1, which were

obtainedfor both of the standards.Thesevaluesarerea-
sonable taking account of the hybridized structure
betweena dendrimeranda linearpolymer. TheSECpro-
files areshown in Fig. 1. With increasingthe feedratios
of monomerto initiator, the unimodal sharppeaksof the
resulting polymers shifted toward higher molecular
weight region systematically, indicating that controlled
RGP of SarNCA proceededwith the dendritic initiator.
Dif ferent from the case of conventional graft copolymer
synthesis by the macroinitiator method,which hasa ten-
dencyto generateuncontrollable sidechains, the present
RGP would producea regulated linear block. It is pre-
sumably due to the favorable location of the amino
groupsof thegrowingendson theperiphery in thecourse
of RGPon average.

1 was soluble in methanol, dimethyl sulfoxide, and
waterin a concentration of 1.0g/L. Poly(Sar) homopoly-

mer was also soluble in thesesolvents.Contrary to our
prediction,1 wasinsoluble in dichloromethane andN,N-
dimethylformamide,which are solventsfor poly(Sar). It
is probably dueto formation of a relatively denseshellof
poly(Sar)(videinfra).

Molecularsizeandshapeof the linear polymer-hyper-
linkeddendrimer1 were examinedby a small-angleneu-
tron scattering (SANS) study25,26). SANS is a powerful
methodology to determine sizeandshape of a nanoscale
physical structure.Fig. 2 shows a Guinier plot of SANS
dataof a D2O solution of 1 (DP of poly(Sar)= 24) at a
concentrationof 1.0 wt.-%. We can seethat logarithmic
I(Q) values decreaselinearly with increasingQ2 at Q =
0.024–0.1 Å–1. From equations for spherical particles
described in theexperimental section, theradius of 1 (DP
= 24) was obtained to be 50 Å (Fig. 3). The calculated
values of the radiusof 1 were 39 and 89 Å, employing
three-dimensionally contractedandextendedCorey-Paul-
ing-Koltum (CPK) models, respectively. Therefore, it
wasfoundthat 1 (DP= 24) hada relatively shrunkstruc-
ture in aqueoussolution. The tendency to form a dense
poly(Sar) layer seemsto influence the aforementioned
insolubility in dichloromethane and N,N-dimethylforma-
mide. SANS investigations were further undertakenfor
the PTMI dendrimer and PTMI dendrimer-block-oligo-
sarcosine1 (DP = 2.0), to afford radii of 17 and 22 Å,
respectively (Fig. 3). The former value is comparableto
that reportedby Ramziet al.6) (R = 18 Å), andthe latter
value is acceptable for the PTMI dendrimerwith two
repeatingunits of sarcosine.

The resultsobtainedin this study have a fundamental
significance that constructionof nanometer-scalespheri-
cal polymers with narrow sizedistributionswill beeasily
achievedby the synchronized multiple-propagation with
dendritic initiators, insteadof conventional liv ing poly-

Fig. 1. Profiles of size exclusion chromatography (SEC) of
poly(trimethyleneimine) dendrimer-block-(polysarcosine)64 (1);
a) run no. 1; b) run no. 2; c) run no. 3; d) run no. 4, in 0.05M

K2HPO4 aq.solutionat 278C

Fig. 2. Guinierplotsof small-angleneutronscatteringintensity
of 1.0 wt.-% D2O solution of poly(trimethyleneimine)dendri-
mer-block-(polysarcosine(DP= 24))64 (1) at 258C
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merizations producing high-molecular-weight polymers
from extra-purified monomers. Furthermore, terminal
secondary aminogroupsof the star-shapedpolysarcosine
will be utilized by selectivederivatizations, which pro-
vide a varietyof mesoscopic functionalmaterials.

Experimental part

Materials

Poly(trimethyleneimine) (PTMI) dendrimer (AstramolTM)
waspurchasedfrom DSM Co.,Geleen,theNetherlands.Sar-
cosineN-carboxyanhydride(SarNCA)waspreparedaccord-
ing to the literature24). Solventswere dried and purified by
distillations undernitrogen.D2O usedfor NMR and SANS
analyseswas purchased from Aldrich Chemical Co., and
usedwithout purification.

Typical procedure of preparationof PTMI dendrimer-block-
(polysarcosine)64 (1)

Theprocedureof run no. 3 is asfollows. In a flask equipped
with a three-waystopcockwereplaced8.4mg (1.2 lmol) of
PTMI dendrimer(generation= 4.0, 64-terminal-type,1,4-
diaminobutanecore)and16.0mL of chloroformundernitro-
gen. To the solution, 0.190g (1.65mmol) of SarNCAwas
addedwith a gastightsyringe,stirredat 278C for 20 h. The
product was purified by repeated reprecipitations from
methanolto diethyl ether. After drying in vacuo,white pow-
dery1 wasobtainedin 91.3%yield.

1 (run no.3, DPof poly(Sar)= 24):
IR (KBr disk): 3477 (mN–H), 2939 (mC–H), 1660 (mC2O),

1494,1404,1340,1300,1234,1105cm–1.
1H NMR (D2O, ref. MeOH, 278C, 400MHz): d = 4.40–

4.00 (m, 3070H, CH2 of poly(Sar)), 3.17 (m, 130H,
CH2NHCO), 3.02–2.88 (m, 4610H, CH3 of poly(Sar)),
2.64–2.58 (m, 370H, NCH2 of PTMI), 1.71 (m, 250H,
CH2CH2CH2 of PTMI).

13C NMR (D2O, ref. MeOH, 278C, 100MHz): d = 171.2
(C2O of poly(Sar)),53.6–50.9(CH2 of poly(Sar)andNCH2

of PTMI), 38.4(CH2NHCO), 36.7–35.0(CH3 of poly(Sar)),
25.1(CH2CH2NHCO),22.8(CH2CH2CH2 of PTMI).

1H NMR dataof 1 having oligosarcosineobtainedin run
no.1 is asshownbelow:

1H NMR of 1 (run no.1, DP of oligo(Sar)= 2.0) (D2O, ref.
MeOH, 278C, 400MHz): d = 4.34and4.03(m, 250H, CH2

of oligo(Sar)),3.17(m, 130H, CH2NHCO), 3.03,2.99,2.94,
and 2.89 (m, 380H, CH3 of oligo(Sar)), 2.66–2.50 (m,
370H, NCH2 of PTMI), 1.68 (m, 250H, CH2CH2CH2 of
PTMI).

Instruments
1H and13C NMR spectrawererecordedwith a BrukerARX-
400 operatingat 400MHz (1H) and100MHz (13C), respec-
tively. FT-IR spectrawereobtainedon 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 K2HPO4 aq.; temp., 278C; flow rate, 0.5 mL/min.;
standard,pulluranor globularproteins(PharmaciaBiotech)).

The SANS measurementsweremadeusing the cold neu-
tron small-anglescatteringinstrumentWINK at the High
Energy AcceleratorResearchOrganization,Tsukuba,Japan.
The instrumentwasoperatedat a neutronradiationof 1–16
Å wavelengthat 258C, using a rectangularquartz cell of
dimensions 2264062 mm. The SANS intensities were
obtainedasa functionof scatteringvectorQ (= (4p/k)sin(h/
2), wherek andh are the neutronradiationwavelengthand
the scatteringangle,respectively).The radii werecalculated
from theslopeof a representationof intensityI(Q) versusQ2

in theGuinierregime(I(Q) = I0 exp(–RG
2Q2/3)) andanequa-

tion (RG
2 = 3R2/5) for a sphericalparticlemodel,whereI0, RG,

andR area constant,theradiusof gyration,andtheradiusof
a sphericalparticle,respectively.
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