
 

 

Chemical mapping of three-dimensional microstructures fabricated by 
two-photon polymerization using CARS microscopy 
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ABSTRACT 

"B#Op+#t#- p#lyme3iz%ti#- ("99) i& %- e-%5li-= te*+-#l#=y t+%t %ll#B& L%&t p3#t#typi-= #L p%3t& Bit+ &u5O100 -m 
3e&#luti#-. Fue t# it& %5ility t# L%53i*%te mi*3#&t3u*tu3e& Bit+ %35it3%3y t+3eeOdime-&i#-%l =e#met3ie&. "99 +%& 5ee- 
empl#yed i- diGe3&e Lield& &u*+ %& p+#t#-i*&. mi*3#ele*t3#-i*&. mi*3#ele*t3#me*+%-i*%l &y&tem&. %-d mi*3#Lluidi*&. 
S#BeGe3. -# i-L#3m%ti#- i& %G%il%5le t# d%te t+%t mi*3#&*#pi*%lly *#33el%te& t+e expe3ime-t%l *#-diti#-& u&ed i- "99 
Bit+ t+e p3#pe3tie& #L t+e ultim%te mi*3#&t3u*tu3e. Te p3e&e-t % &tudy B+e3e t+e di&t3i5uti#- #L p#lyme3 *3#&&Oli-Ui-= i- 
t+3eeOdime-&i#-%l mi*3#&t3u*tu3e& L%53i*%ted 5y "99 i& Gi&u%lized 5y me%-& #L -#-li-e%3 mi*3#&*#py. H- p%3ti*ul%3. 
*#+e3e-t %-tiONt#Ue& ;%m%- &*%tte3i-= (@A;N) mi*3#&*#py i& empl#yed t# im%=e p#lyme3 mi*3#&t3u*tu3e& Bit+ 
*+emi*%l &pe*iLi*ity. "+e *+%3%*te3iz%ti#- #L t+e mi*3#&t3u*tu3e& 5%&ed #- t+e %*Vui3ed im%=e& pe3mit& 3%ti#-%l 
#ptimiz%ti#- #L t+e "99 p3#*e&&.  

Keywords: p+#t#p#lyme3iz%ti#-. mi*3#L%53i*%ti#-. *#+e3e-t %-tiONt#Ue& ;%m%- &*%tte3i-=. Gi53%ti#-%l im%=i-= 
 

1. INTRODUCTION 
W#3 &eGe3%l *u33e-t te*+-#l#=ie&. t+e %5ility t# &+3i-U t+e &ize #L deGi*e& i& % t#pi* #L i-te-&e 3e&e%3*+. "+i& i& % 3e&ult #L 
t+e m%-y %dG%-t%=e& t+%t &p%B- L3#m d#B-&izi-= &u*+ %& l#Be3 p#Be3 *#-&umpti#-. l#Be3 *#&t. L%&te3 3e&p#-&e. %-d 
+i=+e3 pe3L#3m%-*e. A pe3ti-e-t ex%mple #L t+e eLLe*t t+%t mi-i%tu3iz%ti#- *%- +%Ge i& L#u-d i- mi*3#ele*t3#-i*&. "+e 
u&e #L mi*3#&*#pi* ele*t3i*%l deGi*e& +%& *+%-=ed %-d imp3#Ged &eGe3%l +um%- %*tiGitie& i- Lield& %& diGe3&e %& 
medi*i-e. %ut#m#tiGe. *#mputi-=. %-d *#mmu-i*%ti#-&. "+e &u**e&&Lul deGel#pme-t #L mi*3#ele*t3#-i*& +%& it& 3##t& i- 
t+e exp%-&i#- #L % &et #L t##l& U-#B- %& H-te=3%ted @+ip (H@) te*+-#l#=y. B+i*+ i-*lude& p3#*e&&e& &u*+ %& 
p+#t#lit+#=3%p+y %-d ele*t3#- 5e%m lit+#=3%p+y. 'y me%-& #L H@ te*+-#l#=y. milli#-& #L t3%-&i&t#3& *%- 3#uti-ely 5e 
L%53i*%ted i- mi*3#p3#*e&&#3& %-d l%u-*+ed i- %- e-#3m#u& -um5e3 #L *%l*ul%ti#-& pe3 &e*#-d&. 

Alt+#u=+ H@ te*+-#l#=y +%& 3e%*+ed %- imp3e&&iGe leGel #L &#p+i&ti*%ti#-. it &till i& +i-de3ed 5y &eGe3%l limit%ti#-&. 
Npe*iLi*%lly. L%53i*%ti#- p3#*e&&e& u&ed i- H@ te*+-#l#=y %3e -#t *%p%5le #L *3e%ti-= &t3u*tu3e& Bit+ *#mplex t+3eeO
dime-&i#-%l &+%pe&. *%--#t L%53i*%te Le%tu3e& #- *u3Ged #3 u-eGe- &u5&t3%te&. %3e i-*#mp%ti5le Bit+ m%-y *+emi*%l %-d 
5i#l#=i*%l e-Gi3#-me-t&. %-d =e-e3%lly 3eVui3e expe-&iGe eVuipme-t. Se-*e. i- 3e*e-t ye%3& t+e3e +%& 5ee- % t3eme-d#u& 
eLL#3t L3#m t+e &*ie-tiLi* *#mmu-ity t# deGel#p u-*#-Ge-ti#-%l mi*3#O %-d -%-#OL%53i*%ti#- te*+-iVue&. "+i& 3e&e%3*+ 
+%& =e-e3%ted % &e3ie& #L *3e%tiGe p3#*edu3e& &u*+ %& &#Lt lit+#=3%p+y. -%-#imp3i-t lit+#=3%p+y %-d p3#ximity p3#5e 
lit+#=3%p+y L#3 #Ge3*#mi-= *e3t%i- H@ te*+-#l#=y limit%ti#-&.1 

Am#-= t+e %3&e-%l #L u-*#-Ge-ti#-%l mi*3#L%53i*%ti#- te*+-iVue& -#B %G%il%5le t# &*ie-ti&t&. tB#Op+#t#- 
p#lyme3iz%ti#- ("99) i& u-iVue L#3 t+e L%53i*%ti#- #L t+3eeOdime-&i#-%l mi*3#&t3u*tu3e&.2 Ht i& *%p%5le #L p3#du*i-= 
=e#met3ie& Bit+ -# t#p#l#=i*%l *#-&t3%i-& %-d Bit+ 3e&#luti#- &m%lle3 t+%- 100 -m. 'e*%u&e #L it& Ge3&%tility. "99 +%& 
5ee- empl#yed t# *3e%te deGi*e& p3eGi#u&ly imp#&&i5le t# m%-uL%*tu3e Bit+ *#-Ge-ti#-%l mi*3#L%53i*%ti#- p3#*edu3e&. 
W#3 ex%mple. 5y t%Ui-= %dG%-t%=e #L &pe*iLi* *+emi*%l m#ietie& i- t+e m%te3i%l& u&ed i- "99. t+3eeOdime-&i#-%l 
mi*3#&t3u*tu3e& *#%ted Bit+ *#-du*t#3& %-d &emi*#-du*t#3& Be3e L%53i*%ted deliGe3i-= deGi*e& Bit+ di&ti-*tiGe %-d 
p3%*ti*%l Le%tu3e& L#3 u&e& i- mi*3#ele*t3#-i*& %-d p+#t#-i*&.3.4 Wu3t+e3m#3e. "99 i& 5ei-= u&ed Bit+ p3#mi&i-= 3e&ult& i- 
5i#medi*%l %ppli*%ti#-& 5y p3#du*i-= deGi*e& L#3 d3u= deliGe3y %-d ti&&ue e-=i-ee3i-=.5.6  
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"99 i& 5%&ed #- t+e -#-li-e%3 i-te3%*ti#- #L li=+t Bit+ % p+#t#&e-&itiGe m%te3i%l (3e&i-). "ypi*%lly. -e%3Oi-L3%3ed p+#t#-& 
%3e u&ed t# i-du*e tB#Op+#t#- %5&#3pti#- i- m#le*ule& (p+#t#i-iti%t#3&) i- t+e 3e&i- *%p%5le #L &t%3ti-= % p#lyme3iz%ti#- 
p3#*e&&. Ni-*e m#&t p+#t#i-iti%t#3& p#&&e& &m%ll tB#Op+#t#- *3#&&O&e*ti#-&. &t3#-= L#*u&i-= le-&e& %-d ult3%&+#3t pul&ed 
l%&e3& %3e empl#yed t# i-*3e%&e t+e p3#5%5ility #L t+i& u-liUely eGe-t. M-de3 t+e&e *#-diti#-& tB#Op+#t#- %5&#3pti#- %-d 
&u5&eVue-t p#lyme3iz%ti#- *%- 5e l#*%lized i- % G#lume %& &m%ll %& % Lemt#lite3. "+e %5ility #L "99 t# &p%ti%lly *#-Li-e 
m%tte3 t3%-&L#3m%ti#- i& t+e Uey &tep L#3 t+3eeOdime-&i#-%l mi*3#L%53i*%ti#-. H-deed. iL t+e 3e&i- *%- 5e &#lidiLied 5y 
tB#Op+#t#- p#lyme3iz%ti#-. *#mplex =e#met3ie& *%- 5e p%tte3-ed Bit+ +i=+ p3e*i&i#- 5y me%-& #L %**u3%te p#&iti#-i-= 
#L t+e l%&e3 L#*%l p#i-t. A& l#-= %& t+e &#lu5ility p3#pe3tie& #L t+e &#lidiLied %-d u-&#lidiLied 3e&i- %3e diLLe3e-t. t+e -#- 
p#lyme3ized m%te3i%l *%- 5e B%&+ed %B%y t# le%Ge t+e L3ee&t%-di-= &t3u*tu3e&.  

"99 #LLe3& % u-iVue *#m5i-%ti#- #L %dG%-t%=e&^ B+e- L%53i*%ti-= t+3eeOdime-&i#-%l mi*3#&t3u*tu3e&. -# t#p#l#=i*%l 
*#-&t3%i-& %pply\ &%*3iLi*i%l l%ye3& %3e -#t 3eVui3ed i- #3de3 t# L%53i*%te m#G%5le p%3t&\ 5y u&i-= l%&e3 i-te-&itie& _u&t 
%5#Ge t+e p#lyme3iz%ti#- i-te-&ity t+3e&+#ld. &u5OdiLL3%*ti#-Olimited 3e&#luti#- *%- 5e %tt%i-ed\ t+e u&e #L -e%3Oi-L3%3ed 
li=+t pe3mit& l%3=e pe-et3%ti#- dept+&. Alt+#u=+ t+e&e Le%tu3e& +%Ge 5ee- expl#ited &u**e&&Lully i- diGe3&e %ppli*%ti#-&. 
t+e3e %3e &till &#me Lu-d%me-t%l Vue&ti#-& t+%t -eed t# 5e %-&Be3ed. W#3 ex%mple. +#B d#e& t+e l%&e3 #3 &%mple &*%--i-= 
p%tte3- u&ed t# L%53i*%te % &pe*iLi* mi*3#&t3u*tu3e i-Llue-*e it& me*+%-i*%l p3#pe3tie&` S#B *%- Be #ptimize 
expe3ime-t%l *#-diti#-& t# mi-imize mi*3#L%53i*%ti#- time B+ile m%i-t%i-i-= &t3u*tu3%l i-te=3ity` S#B d#e& &#lGe-t 
pe3me%ti#- %LLe*t mi*3#&t3u*tu3e& 3i=idity` At B+i*+ dime-&i#-& d# Be +%Ge t# *#-&ide3 t+e p3#pe3tie& #L t+e p#lyme3i* 
mi*3#&t3u*tu3e& diLLe3e-t L3#m t+#&e #L t+e 5ulU p#lyme3`7 Te 5elieGe t+%t t+e&e Vue&ti#-& *%- 5e %-&Be3ed 5y 
impleme-ti-= "99 Bit+ % mi*3#&*#py t##l *%p%5le #L p3#Gidi-= *#-t3%&t Bit+ *+emi*%l &ele*tiGity. H- t+i& *#-t3i5uti#- 
Be expl#3e *#+e3e-t %-tiONt#Ue& ;%m%- &*%tte3i-= (@A;N) mi*3#&*#py. % -#-li-e%3 im%=i-= te*+-iVue Bit+ Gi53%ti#-%l 
&e-&itiGity.8 t# %id u& i- t+e 3%pid %-%ly&i& #L mi*3#&t3u*tu3e& &y-t+e&ized Bit+ "99. 

7Ge3 t+e p%&t de*%de. @A;N mi*3#&*#py +%& expe3ie-*ed % 3em%3U%5le =3#Bt+ i- p#pul%3ity. @A;N mi*3#&*#py 
p3#Gide& t+3eeOdime-&i#-%l im%=i-= Bit+ *#-t3%&t 5%&ed #- m#le*ul%3 Gi53%ti#-. Ni-*e it %G#id& t+e u&e #L ext3i-&i* 
l%5el& i- t+e &pe*ime-. @A;N mi*3#&*#py +%& L#u-d m%-y %ppli*%ti#-& i- t+e 5i#l#=i*%l &*ie-*e& B+e3e it p3#Gide& 
i-L#3m%ti#- *#mpleme-t%3y t# i-L#3m%ti#- #5t%i-%5le 5y tB#Op+#t#- ex*ited Llu#3e&*e-*e mi*3#&*#py. Wu3t+e3m#3e. 
@A;N &i=-%l& %3e #3de3& #L m%=-itude &t3#-=e3 t+%- &p#-t%-e#u& ;%m%- &i=-%l& pe3mitti-= t+e u&e #L l#B ex*it%ti#- 
p#Be3& %-d +i=+ im%=i-= 3%te&.  

H- #3de3 t# =e-e3%te @A;N. tB# l%&e3 5e%m& %3e L#*u&ed i- t+e &%mple. % pump 5e%m %t L3eVue-*y "p %-d % Nt#Ue& 5e%m 
%t L3eVue-*y "s. ai53%ti#-%l &e-&itiGity i& #5t%i-ed B+e- t+e diLLe3e-*e L3eVue-*y "p O "s m%t*+e& t+e L3eVue-*y #L % 
;%m%- %*tiGe Gi53%ti#-%l m#de #L t+e &%mple. "+e %-tiONt#Ue& &i=-%l %t "as = 2"p O "s i& *#+e3e-tly d3iGe- 5y t+e tB# 
l%&e3 5e%m&. 3e&ulti-= i- *#+e3e-t 3%di%ti#-. @A;N mi*3#&*#py i& % L#u3OB%Ge mixi-= p3#*e&& %-d +e-*e depe-d& #- t+e 
t+i3dO#3de3 &u&*epti5ility (#(3)) #L t+e m%te3i%l 5ei-= i-Ge&ti=%ted. 'e&ide& t+e Gi53%ti#-%l *#-t3i5uti#-. #(3) %l&# +%& 
ele*t3#-i* *#mp#-e-t&. B+i*+ 3e&ult& i- % -#-3e&#-%-t 3e&p#-&e #L t+e m%te3i%l. "+i& -#-3e&#-%-t te3m i& &#metime& &ee- 
%& % d3%B5%*U L#3 @A;N mi*3#&*#py &i-*e it %dd& % 5%*U=3#u-d t# t+e im%=i-= t+%t i& i-depe-de-t #L t+e tu-i-= #L t+e 
ex*it%ti#- 5e%m&. NeGe3%l expe3ime-t%l %pp3#%*+e& +%Ge 5ee- %d#pted t# elimi-%te t+e *#-t3i5uti#- #L t+e -#-3e&#-%-t 
5%*U=3#u-d L3#m t+e @A;N &i=-%l.9 

H- t+i& %3ti*le Be 3ep#3t t+e u&e #L @A;N mi*3#&*#py L#3 *+%3%*te3izi-= t+3eeOdime-&i#-%l mi*3#&t3u*tu3e& L%53i*%ted 5y 
"99. Te +%Ge deGel#ped % B#3U&t%ti#- L#3 *3e%ti-= &#lid p%tte3-& #L %-y =e#met3y Bit+ &u5mi*3#- 3e&#luti#- i- %- 
%*3yli*O5%&ed 3e&i-. 'y *+%3%*te3izi-= t+e ;%m%- m#de& #L t+i& m%te3i%l. Be +%Ge L#u-d it p#&&i5le t# im%=e 3%pidly %-d 
Bit+ *+emi*%l &ele*tiGity &eGe3%l %&pe*t& #L "99. H- p%3ti*ul%3. diLLe3e-*e& i- *#-t3%&t 5etBee- p#lyme3ized %-d 
u-p#lyme3ized 3e&i- +%Ge 5ee- #5&e3Ged. Te +%Ge #5&e3Ged %l&# t+%t G%3i%ti#- #L de=3ee #L p#lyme3iz%ti#- i- t+e 
mi*3#&t3u*tu3e& *%- 5e im%=ed 5y @A;N mi*3#&*#py due t# diLLe3e-*e& i- m%te3i%l de-&itie&.  

 

2. EXPERIMENTAL SETUP 
A &*+em%ti* #L t+e expe3ime-t%l &etup empl#yed t# pe3L#3m "99 i& &+#B- i- Wi=u3e 1. "+e l%&e3 li=+t &#u3*e i& t+e /%i 
"%i FeepNee"/ (Npe*t3%O9+y&i*&). % #-eO5#x "i^&%pp+i3e 5%&ed l%&e3 *%p%5le #L p3#du*i-= pul&e& &+#3te3 t+%- 100 L& 
Bit+ % 3epetiti#- 3%te #L 80 /Sz. Ht p3#Gide& 350 -m #L u&%5le tu-i-= 3%-=e (690O1040 -m) Bit+ % m%ximum %Ge3%=e 
#utput p#Be3 ex*eedi-= 3 T%tt& %t 800 -m. A- %ut#m%ted di&pe3&i#- *#mpe-&%ti#- i& u&ed t# e-&u3ed t+e +i=+e&t 
p#&&i5le pe%U p#Be3 %t t+e &%mple. Tit+ di&pe3&i#- *#mpe-&%ti#- up t# 40.000 L&2. it *%- e%&ily #LL&et t+e pul&e 
53#%de-i-= eLLe*t #L +i=+O-ume3i*%l %pe3tu3e #5_e*tiGe&.  
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Figure 1. 6xpe3ime-t%l &etup u&ed L#3 "99. ST9. +%lLOB%Ge pl%te\ cd9. cl%-Ol%&e3 p#l%3ize3\ /. mi33#3\ /e. 5e%m 
&%mple3\ A@. %ut#*#33el%t#3\ N. &+utte3\ d. le-&\ NW. &p%ti%l Lilte3\ F/. di*+3#i* mi33#3\ W. Lilte3\ 7d. #5_e*tiGe le-&\ "N. 
t3%-&l%ti#-%l &t%=e\ Td. B+ite li=+t.   

A +%lLOB%Ge pl%te %-d % p#l%3ize3 %3e p#&iti#-ed %Lte3 t+e #&*ill%t#3 %-d %3e u&ed t# G%3i%5ly %tte-u%te t+e l%&e3 #utput 
p#Be3 t# t+e de&i3ed i-put p#Be3 3eVui3ed 5y &pe*iLi* expe3ime-t&. M&i-= % 5e%m &%mple3. % &m%ll p#3ti#- #L t+e l%&e3 
5e%m i& di3e*ted i-t# % 5e%m di%=-#&ti* u-it. "+e l%&e3 pul&e Bidt+ %-d &pe*t3um %3e *+%3%*te3ized 5y me%-& #L %- 
%ut#*#33el%t#3 %-d % &pe*t3#mete3. "+e l%&e3 5e%m i& t+e- exp%-ded t# m%t*+ #3 #Ge3Lill t+e 5%*U %pe3tu3e #L t+e 
#5_e*tiGe u&i-= tB# le-&e&. A pi-+#le i& *%3eLully pl%*ed %t t+e L#*%l p#i-t #L t+e Li3&t le-& t# &p%ti%lly Lilte3 t+e 5e%m. A- 
ele*t3#Ome*+%-i*%l &+utte3 u&ed t# *#-t3#l l%&e3 exp#&u3e time& i- t+e &%mple i& pl%*ed 5eL#3e t+i& %&&em5ly.  

A di*+3#i* mi33#3. B+i*+ i& 3eLle*tiGe L#3 -e%3OH; %-d t3%-&p%3e-t L#3 Gi&i5le 3%di%ti#-. deLle*t& t+e exp%-ded l%&e3 5e%m 
i-t# %- i-Li-ity *#33e*ted #5_e*tiGe t+%t L#*u&e& t+e ex*it%ti#- li=+t i- t+e &%mple. H- %ll "99 expe3ime-t& p3e&e-ted i- 
t+i& m%-u&*3ipt. % 40x 0.75 -ume3i*%l %pe3tu3e #5_e*tiGe B%& empl#yed (6@ Ae#Llu%3. 1ei&&). "+e p#&iti#- #L t+e &%mple 
i- t+e #5_e*tiGe Lield #L GieB i& %d_u&ted 5y t+e %id #L % *#mpute3O*#-t3#lled &t%=e &y&tem. "+i& *#-&i&t& #L t+3ee +i=+ 
pe3L#3m%-*e &t%=e& &t%*Ued #-e #- t#p #L e%*+ #t+e3 (f/N. AeBp#3t @#3p.). "+e mi-imum i-*3eme-t%l m#ti#-. 
3epe%t%5ility. %-d %**u3%*y i- t+e x %-d y di3e*ti#-& %3e 10 -m. 80 -m. %-d 200 -m 3e&pe*tiGely. "+e&e Le%tu3e& +#ld t3ue 
%l#-= t+e e-ti3e t#t%l t3%Gel di&t%-*e #L t+e &t%=e (50 mm). 

Ni-*e up#- p#lyme3iz%ti#- t+e 3e&i- u-de3=#e& % *+%-=e #L &t%te L3#m liVuid t# &#lid. BideOLield t3%-&mi&&i#- 
mi*3#&*#py i& u&ed t# m#-it#3 t+e p3#*e&& #L "99 i- 3e%l time. "+e *#-t3%&t %3i&e& L3#m t+e diLLe3e-t de-&itie& %-d +e-*e 
i-di*e& #L 3eL3%*ti#- #L t+e tB# &t%te& ($- % 0.03 L#3 t+e 3e&i- u&ed i- t+i& &tudy). A 5%&i* mi*3#&*#pe i& 5uilt 5y 
%&&em5li-= it& m%i- *#mp#-e-t&^ % &#u3*e #L B+ite li=+t (d6FOTOd9. 73iel&). % @@F *%me3%. % Gide# &*3ee-. %-d t+e 
3eVui&ite #pti*&. Ht i& imp#3t%-t t# *#Ge3 t+e &#u3*e #L B+ite li=+t Bit+ % &+#3tOp%&& #pti*%l Lilte3 t# p3eGe-t t+e 5lue p%3t #L 
t+e l%mp emi&&i#- &pe*t3um L3#m *%u&i-= %-y u-de&i3ed p#lyme3iz%ti#- i- t+e 3e&i-. Wu3t+e3m#3e. % l#-=Op%&& #pti*%l 
Lilte3 i& pl%*ed i- L3#-t #L t+e @@F *%me3% t# p3#+i5it l%&e3 5%*UO3eLle*ti#-& t# 3e%*+ %-d &%tu3%te t+e pixel& #L t+e 
*%me3%. 

"+e %5ility t# im%=e t+e &%mple B+ile pe3L#3mi-= "99 i& %- imp#3t%-t Le%tu3e L#3 % &u**e&&Lul L%53i*%ti#- p3#*e&&. Ht i& #L 
utm#&t imp#3t%-*e t# %-*+#3 t+e mi*3#&t3u*tu3e& t# t+e &u5&t3%te& iL t+ey %3e t# &u3GiGe t+e B%&+i-= &tep #L t+e 
u-&#lidiLied 3e&i-. "+e B%y t# e-&u3e t+i& i& t# &t%3t "99 &li=+tly i-t# t+e &u5&t3%te %t t+e 3e&i-g&u5&t3%te i-te3L%*e. % t%&U 
e%&ily %*+ieGed Bit+ t+e %5#Ge de&*3i5ed 3e%l time m#-it#3i-=. A &*+em%ti* #L t+e &%mple %&&em5ly empl#yed i- "99 i& 
&+#B- i- t+e i-&et i- Wi=u3e 1. "+e 3e&i- i& &%-dBi*+ed 5etBee- tB# mi*3#&*#pe *#Ge3 &lip&. "+e t+i*U-e&& #L t+e Lilm i& 
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dete3mi-ed 5y t+e t+i*U-e&& #L t+e &p%*e3. HL mi*3#L%53i*%ti#- &t%3t& %t t+e 3e&i-g&u5&t3%te i-te3L%*e Lu3t+e&t L3#m t+e l%&e3 
e-t3%-*e. it i& impe3%tiGe t# u&e % &p%*e3 t+i- e-#u=+ t# %**#u-t L#3 t+e limit%ti#- #L t+e #5_e*tiGe B#3Ui-= di&t%-*e. 

N#LtB%3e B3itte- i- d%5aieB i& utilized t# &y-*+3#-ize t+e m#Geme-t& #L t+e &t%=e& Bit+ t+e %*ti#- #L t+e &+utte3 t3#u=+ 
% &i-=le *#-t3#lle3gd3iGe3 (f9N. AeBp#3t @#3p.). "+3eeOdime-&i#-%l mi*3#&t3u*tu3e& *%- 5e L%53i*%ted 5y "99 Bit+ t+i& 
&#LtB%3e 5y eit+e3 Ge*t#3O #3 3%&te3O&*%- m#de. Alt+#u=+ t+e Ge*t#3O&*%- m#de le%d& t# &+#3te3 p3#*e&&i-= time t+%- t+e 
3%&te3O&*%- m#de L#3 deLi-i-= % mi*3#&t3u*tu3e &i-*e it -eed& t# #utli-e #-ly it& &u3L%*e. -#t %ll =e#met3ie& *%- 5e 
L%53i*%ted 5y Ge*t#3O&*%- m#de. H-deed. iL t+e G#lume t# &u3L%*e 3%ti# i& t## 5i=. &+3i-U%=e #L t+e u-&#lidiLied 3e&i- 
i-&ide t+e mi*3#&t3u*tu3e *%- &i=-iLi*%-tly %lte3 it& &+%pe #Ge3time.   

Fet%il& #L t+e @A;N mi*3#&*#py &etup empl#yed i- t+i& &tudy %3e de&*3i5ed el&eB+e3e.10 '3ieLly. t+e &e*#-d +%3m#-i* #L 
% Ad^a%-%d%te l%&e3 (10 p&. 532 -m) i& u&ed t# pump %- i-t3%*%Gity #pti*%l p%3%met3i* #&*ill%t#3 (797) t+%t p3#du*e& 7 
p& pul&e& i- t+e 3%-=e 5etBee- 760 -m %-d 960 -m. H- #3de3 t# d3iGe t+e @A;N p3#*e&&. % p#3ti#- #L t+e 3em-%-t 
Lu-d%me-t%l (1064 -m) l%&e3 5e%m i& u&ed %& t+e Nt#Ue& 5e%m B+ile t+e 3%di%ti#- #L t+e 797 p3#Gide& t+e pump 5e%m. 
"+i& &y&tem p3#Gide& 53#%d tu-%5ility (1000 h 3500 *mO1) Bit+ +i=+ &pe*t3%l 3e&#luti#- (1 h 2 *mO1). "+e Nt#Ue& %-d t+e 
pump 5e%m& %3e *#lli-e%3ly *#m5i-ed %-d &e-t i-t# % *#mme3*i%l l%&e3 &*%--i-= mi*3#&*#pe. "+e 5e%m& %3e L#*u&ed i- 
t+e &%mple 5y % +i=+ -ume3i*%l %pe3tu3e #5_e*tiGe (40x. 1.15 AA B%te3 imme3&i#-). W#3B%3d @A;N &i=-%l i& *#lle*ted 
t+3#u=+ % *#-de-&e3 %-d dete*ted Bit+ % p+#t#multiplie3 tu5e. '%-dp%&& Lilte3& Bit+ 40 -m 5%-dBidt+ %3e u&ed 5eL#3e 
t+e dete*t#3. "+e *e-te3 B%Gele-=t+& #L t+e Lilte3& Be3e *+#&e- depe-di-= #- t+e &i=-%l &pe*t3%l 3%-=e.  

;%m%- &pe*t3% Be3e 3e*#3ded Bit+ % mi*3# ;%m%- &pe*t3#mete3 (/1000. ;e-i&+%B). A 0.75 -ume3i*%l #5_e*tiGe i& u&ed 
t# L#*u& 5 mT #L 781 -m li=+t #-t# t+e &%mple. 6%*+ &pe*t3um *#33e&p#-d& t# 120 &e*#-d& i-te=3%ti#- time.   

 

3. MATERIALS 

"+e 3e&i- u&ed L#3 "99 *#-&i&t& #L t+3ee *#mp#-e-t&. tB# %*3yl%te m#-#me3& %-d %- 'O%mi-#Uet#-e p+#t#i-iti%t#3.11 
"+ei3 m#le*ul%3 &t3u*tu3e& %3e &+#B- i- Wi=u3e 2. '#t+ m#-#me3& Be3e *+#&e- +i=+ly 53%-*+ed t# i-*3e%&e *#-Ge3&i#- 
&peed %-d p#lyme3 *3#&&Oli-Ui-=. /#-#me3 A (et+#xyl%teO6Ot3imet+yl#lp3#p%-e t3i%*3yl%te. N%3t#me3) de*3e%&e& t+e 
%m#u-t #L &+3i-U%=e t+%t #**u3& up#- p#lyme3iz%ti#- 5e*%u&e #L it& et+#xyl%ted Lu-*ti#-%l =3#up&. "+e *y*li* &t3u*tu3e 
#L m#-#me3 ' (t3i&(2O+yd3#xyet+yl)i&#*y%-u3%te t3i%*3yl%te. N%3t#me3) imp%3t& 3i=idity t# t+e p#lyme3. "+e 
p+#t#i-iti%t#3 (2O5e-zylO2ON,NOdimet+yl%mi-#O1O(4Om#3p+i-#li-#p+e-yl)O1O5ut%-#-e. @i5%) p3e&e-t& m%ximum li-e%3 
%5&#3pti#- %3#u-d 330 -m %-d it +%& 5ee- &+#B- t# 5e %- eLLi*ie-t 3%di*%l =e-e3%t#3 L#3 "99 i- t+e emi&&i#- 3%-=e #L t+e 
Lemt#&e*#-d "i^&%pp+i3e l%&e3. Mp#- ex*it%ti#-. t+e 5#-d 5etBee- t+e *%35#-yl =3#up %-d t+e Vu%te3-%3y *%35#- *le%Ge& 
+#m#liti*%lly L#3mi-= tB# +i=+ly 3e%*tiGe 3%di*%l& t+%t &t%3t t+e p#lyme3iz%ti#- t+3#u=+ % *+%i- =3#Bt+ me*+%-i&m. 
Fu3i-= t+e p#lyme3iz%ti#- p3#*e&&. t+e %*3yli* u-it& i- t+e 3e&i- %3e *#-&umed L#3mi-= % +i=+ly *3#&&Oli-Ued -etB#3U 
%m#-= t+e tB# m#-#me3& (p#lyme3). "+e 3e&i- i& *#mp#&ed #L. 5y Bei=+t. 3i p+#t#i-iti%t#3. 49i m#-#me3 A. %-d 
48i m#-#me3 '. "+e 3e&i- i& t3%-&p%3e-t i- t+e Gi&i5le %-d -e%3OH; p%3t #L t+e &pe*t3um %-d it *%- 5e e%&ily di&&#lGed i- 
et+%-#l. H- *#-t3%&t. t+e p#lyme3i* &t3u*tu3e& %3e i-&#lu5le i- et+%-#l. 

 
Figure 2. /#le*ul%3 &t3u*tu3e& #L t+e m#-#me3& %-d p+#t#i-iti%t#3 empl#yed i- t+e 3e&i- L#3 t+3eeOdime-&i#-%l 
mi*3#L%53i*%ti#- 5y "99. 
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4. RESULTS 
4.1 Two- and three-dimensional microstructures fabricated by TPP 

N*%--i-= ele*t3#- mi*3#&*#py (N6/) im%=e& #L 3ep3e&e-t%tiGe t+3eeOdime-&i#-%l mi*3#&t3u*tu3e& L%53i*%ted 5y "99 %3e 
&+#B- i- Wi=u3e 3. "+e t3u-*%ted *#-e Bit+ &Vu%3e *3#&&O&e*ti#- i- (%) B%& *3e%ted 5y &t%*Ui-= i- t+e z di3e*ti#- &Vu%3e 
p%tte3-& Bit+ &m%lle3 %-d &m%lle3 di%mete3&. A &ep%3%ti#- 5etBee- t+e diLLe3e-t &t%*U& #L 3 (m B%& &ele*ted %-d % t#t%l 
+ei=+t #L 60 (m B%& 3e%*+ed. "+e l%&e3 %Ge3%=e p#Be3 (%& me%&u3ed 5eL#3e t+e &+utte3). &t%=e& Gel#*ity. %-d ex*it%ti#- 
B%Gele-=t+ u&ed L#3 t+e L%53i*%ti#- p3#*e&& Be3e 10 mT. 10 (mg&. %-d 775-m. 3e&pe*tiGely. A m#3e *#mplex 
mi*3#&t3u*tu3e i& depi*ted i- (5). "B# t#Be3& Be3e L%53i*%ted #-e i-&ide t+e #t+e3\ % l%3=e3 #-e Bit+ % +ex%=#-%l 5%&e 
%-d % &m%lle3 #-e Bit+ % &Vu%3e 5%&e. At t+e t#p #L e%*+ mi*3#&t3u*tu3e. tB# L3ee&t%-di-= 5e%m& *#--e*t %d_%*e-t &ide&. 
Ni-*e t+e #ut&ide t#Be3 i& 40 (m t%ll B+ile t+e i-&ide3 t#Be3 i& 20 (m t%ll. t+e3e i& -# #Ge3l%p %m#-= t+e tB# &et& #L 
5e%m&. "+e expe3ime-t%l *#-diti#-& u&ed L#3 t+e L%53i*%ti#- #L t+e mi*3#&t3u*tu3e i- Wi=u3e 3(%) Be3e 3epe%ted L#3 t+e 
L%53i*%ti#- #L t+e mi*3#&t3u*tu3e i- Wi=u3e 3(5).   

 

 
Figure 3. N6/ im%=e& #L mi*3#&t3u*tu3e& L%53i*%ted 5y "99. "+e &%mple& Be3e tilted 45) i- #3de3 t# 3eGe%l t+e t+3eeO
dime-&i#-%l -%tu3e #L t+e mi*3#&t3u*tu3e&. A t#p GieB #L t+e mi*3#&t3u*tu3e i- (5) i& &+#B- i- t+e i-&et. "+e p#lyme3i* 
5e%m& t+%t 3u- %*3#&& t+e t#Be3& %3e 4 (m Bide. 

 

"+e %5ility t# dep#&it tB# #3 m#3e m%te3i%l& Bit+ diLLe3e-t me*+%-i*%l %-dg#3 #pti*%l p3#pe3tie& #- t+e &%me &u5&t3%te i& 
% de&i3%5le Le%tu3e L#3 %-y L%53i*%ti#- te*+-iVue &i-*e it *%- le%d t# j&m%3tk mi*3#&t3u*tu3e&. "+e&e *#uld 5e u&ed %& 
%*tu%t#3& #3 t3%-&du*e3& i- deGi*e& t+%t *%- 3e&p#-d t# exte3-%l &timuli. "# te&t t+i& ide% L#3 "99. Be pe3L#3med % 
*#mp#&ite p%tte3-i-= #L tB# m%te3i%l& #-t# % =l%&& &u5&t3%te. "B# &li=+tly diLLe3e-t 3e&i-& t+%- t+e #-e de&*3i5ed i- 
&e*ti#- 3 Be3e empl#yed. 7-e B%& d#ped Bit+ ;+#d%mi-e ' (3e&i- 1) %-d #-e Bit+ @#um%3i- 334 (3e&i- 2). ;+#d%mi-e 
' %-d @#um%3i- 334 %3e Llu#3#p+#3e& t+%t up#- ex*it%ti#- emit % 53#%d Llu#3e&*e-*e Bit+ m%ximum i-te-&itie& %t 610 
-m %-d 500 -m. 3e&pe*tiGely. Mp#- p#lyme3iz%ti#-. t+e dye m#le*ule& %3e e-t3%pped i- t+e p#lyme3. le%di-= t# +i=+ly 
Llu#3e&*e-t mi*3#&t3u*tu3e&. 

Wi3&t. mi*3#&t3u*tu3e& Be3e L%53i*%ted 5y "99 #- % =l%&& &u5&t3%te u&i-= 3e&i- 1. A &e3ie& #L 3eLe3e-*e m%3Ue3& Be3e %l&# 
L%53i*%ted i- Uey l#*%ti#-& %t t+i& &t%=e. "+e-. %Lte3 B%&+i-= %B%y t+e u-&#lidiLied p%3t #L 3e&i- 1. 3e&i- 2 B%& p#u3ed 
#-t# t+e &u5&t3%te. A &e*#-d &et #L mi*3#&t3u*tu3e& Be3e L%53i*%ted 5y "99 i- p3eOdeLi-ed l#*%ti#-& 3el%tiGe t# t+e 
mi*3#&t3u*tu3e& L%53i*%ted Bit+ 3e&i- 1 5y Gi&u%lly l#*%ti-= t+e m%3Ue3&. "+e 3e&ult #L t+i& expe3ime-t i& &+#B- i- Wi=u3e 
4. "B# im%=i-= m#d%litie& Be3e u&ed t# *+%3%*te3ize t+e&e tB#Odime-&i#-%l p%tte3-&^ N6/ %-d *#-L#*%l mi*3#&*#py. 
T+ile det%iled i-L#3m%ti#- #- &ize %-d &u3L%*e t#p#l#=y *%- 5e =%t+e3ed L3#m ex%mi-i-= t+e N6/ im%=e (Wi=u3e 4(%)). 
-# i-di*%ti#- #L t+e diLLe3e-t -%tu3e #L t+e m%te3i%l& i& 3eGe%led. 'y u&i-= t+e %pp3#p3i%te ex*it%ti#- li=+t &#u3*e& %-d 
*#lle*ti#- Lilte3&. *#-L#*%l mi*3#&*#py (Wi=u3e 4(5)) exp#&e& B+i*+ eleme-t& #L t+e p%tte3-& Be3e m%de Bit+ 3e&i- 1 %-d 
B+i*+ #-e& Bit+ 3e&i- 2. Npe*iLi*%lly. L#3 3e&i- 1 %- ex*it%ti#- B%Gele-=t+ #L 543 -m B%& u&ed i- *#-_u-*ti#- Bit+ %- 
ex*it%ti#- 5%-dp%&& Lilte3 *e-te3ed %t 585 -m %-d L#3 3e&i- 2 t+e ex*it%ti#- B%Gele-=t+ B%& 458 -m %-d t+e 5%-dp%&& 
Lilte3 B%& *e-te3ed #- 500 -m.    
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"+e tB# A6T97;" &t3u*tu3e& i- Wi=u3e 4 Be3e L%53i*%ted 5y %lte3-%ti-= 3e&i- 1 %-d 2 i- tB# Ge3ti*%l %d_%*e-t li-e&. 
6%*+ lette3 i& 20 (m Bide %-d 25 (m l#-=. "+e expe3ime-t%l *#-diti#-& u&ed L#3 *3e%ti-= t+e mi*3#&t3u*tu3e& i- Wi=u3e 4 
Be3e 9 mT %Ge3%=e p#Be3. 10 (mg& &t%=e& Gel#*ity. %-d 775 -m L#3 ex*it%ti#-.   

 

 
Figure 4. N6/ (%) %-d *#-L#*%l mi*3#&*#py (5) im%=e& #L tB#Odime-&i#-%l p%tte3-& L%53i*%ted 5y "99. "B# 3e&i-& Be3e 
u&ed. #-e d#ped Bit+ ;+#d%mi-e dye m#le*ule %-d #-e Bit+ % @#um%3i- dye m#le*ule. "+e Llu#3e&*e-*e emi&&i#-& #L t+e 
tB# 3e&i-& %3e %pp%3e-t L3#m t+e *#-L#*%l im%=e. 

 

4.2 CARS microscopy of microstructures fabricated by TPP 

;%m%- &pe*t3% #L #3=%-i* m%te3i%l& &+#B &t3#-= &i=-%l& %3#u-d 3000 *mO1 due t+e &t3et*+i-= #L 5#t+ %lip+%ti* %-d 
%3#m%ti* @*S 5#-d&. Ni-*e t+e 3e&i- u&ed i- t+i& &tudy *#-t%i-& %- %5u-d%-*e #L t+e&e m#de& (&ee Wi=u3e 2). Be &t%3t 
im%=i-= p#lyme3i* t+3eeOdime-&i#-%l mi*3#&t3u*tu3e& u&i-= @A;N mi*3#&*#py i- t+i& 3e=i#-. A& % te&t &%mple. Be 
L%53i*%ted % &e3ie& #L +%-=i-= *%-tileGe3& 5 (m Bide %-d 50 (m l#-=. &u&pe-ded %t % +ei=+t #L 40 (m t+3#u=+ % 
3e*t%-=ul%3 &+%ped t#Be3. Wi=u3e 5. L3#m (%) t# (*). &+#B& N6/ im%=e& #L t+i& mi*3#&t3u*tu3e L3#m diLLe3e-t GieBp#i-t& 
%-d m%=-iLi*%ti#-&. "+e LiGe *%-tileGe3& Be3e m%de L#ll#Bi-= %- ide-ti*%l p3#*edu3e. 5 (m l#-= li-e& (m%de Bit+ % 
&i-=le l%&e3 p%&&) Be3e #Ge3l%pped &ideO5yO&ide L#3 t+e e-ti3e le-=t+ #L t+e *%-tileGe3. "+e l%&e3 %Ge3%=e p#Be3 %-d &t%=e& 
Gel#*itie& Be3e &et %t 9 mT %-d 10 (mg&. 3e&pe*tiGely. "+e #-ly diLLe3e-*e i- t+e L%53i*%ti#- *#-diti#-& u&ed t# *3e%te 
t+e *%-tileGe3& B%& t+e &p%*i-= 5etBee- t+e p#lyme3i* li-e& t+%t *#mp#&e& t+em. H- p%3ti*ul%3. L3#m t#p t# 5#tt#m t+ey 
%3e 0.1 (m. 0.2 (m. 0.4 (m. 0.8 (m. %-d 1.0 (m. T+ile t+e Li3&t tB# *%-tileGe3& %3e &t3%i=+t %-d &m##t+. t+e l%&t tB# 
&+#B 3id=e& #- t+ei3 &u3L%*e&. Wu3t+e3m#3e. t+e &+%pe #L t+e l%&t *%-tileGe3 B%& di&t3e&&ed du3i-= t+e B%&+i-= p3#*e&& #L 
t+e u-&#lidiLied 3e&i-. +i=+li=+ti-= it& Be%Ue-ed &t3u*tu3%l i-te=3ity.  

H- #3de3 t# L%53i*%te % &tu3dy t+3eeOdime-&i#-%l mi*3#&t3u*tu3e 5y "99. it i& imp#3t%-t t# U-#B t+e G#xel &ize p3i#3 t# 
&ele*ti#- #L expe3ime-t%l p%3%mete3&. a#xel& %3e deLi-ed %& t+e &m%lle&t p#lyme3ized G#lume eleme-t&. Fu3i-= 
p#lyme3iz%ti#-. t+e m#diLi*%ti#- #L t+e 3e&i- L3#m liVuid t# &#lid #**u3& #-ly i- t+e 3e=i#- Bit+ t+e +i=+e&t *#-*e-t3%ti#- 
#L 3%di*%l&. H- "99 t+i& *#33e&p#-d& t# t+e *e-t3%l p%3t #L t+e &Vu%3e li=+t i-te-&ity di&t3i5uti#- %t t+e L#*%l G#lume. A& % 
*#-&eVue-*e. t+e &+%pe #L G#xel& i- "99 3e&em5le ellip&#id& Bit+ t+e tB# mi-#3 %xe& eVu%l t# e%*+ #t+e3 %-d lyi-= i- t+e 
=e#met3i*%l L#*%l pl%-e. Ht i& t+e %**u3%te #Ge3l%ppi-= #L t+e&e G#xel& t+%t p3#du*e& t+e de&i3ed &u3L%*e& t#p#l#=y #L t+e 
Li-%l &t3u*tu3e. "+e G#xel u&ed t# *3e%te t+e &t3u*tu3e i- Wi=u3e 5 B%& 800 -m i- di%mete3. "+e &u3L%*e 3#u=+-e&& #L t+e 
*%-tileGe3& *%- t+e- 5e e%&ily expl%i-ed 5y t%Ui-= i-t# *#-&ide3%ti#- t+e 3el%ti#-&+ip 5etBee- t+e &ize& #L t+e G#xel& %-d 
t+e &p%*i-=& 5etBee- t+e jB3itte-k li-e&. H-te3e&ti-=ly. t+e l%&t *%-tileGe3 did -#t *#ll%p&e *#mpletely up#- B%&+i-= #L 
t+e u-&#lidiLied p%3t #L t+e 3e&i- %lt+#u=+ it& =e#met3y B%& &i=-iLi*%-tly %LLe*ted. "+i& i& %- i-di*%ti#- #L % Be%Ue3 
p#lyme3. 

Wi=u3e 5(d) &+#B& t+e @A;N im%=e #L t+e &%me mi*3#&t3u*tu3e. Ht i& % &e*ti#- 3e*#3ded %t % +ei=+t #L 40 (m L3#m t+e 
&u3L%*e #L t+e =l%&& &u5&t3%te t# B+i*+ t+e mi*3#&t3u*tu3e i& %tt%*+ed. "+e Nt#Ue& %-d pump 5e%m& Be3e &et %t 1064 -m 
%-d 813 -m. %-d %Ge3%=e p#Be3& #L 10 mT %-d 5 mT (%& me%&u3ed %t t+e &%mple) Be3e u&ed 3e&pe*tiGely. "+i& 
*#33e&p#-d& t# % ;%m%- &+iLt #L 2902 *mO1. +e-*e #- 3e&#-%-*e Bit+ t+e @*S &t3et*+i-= m#de #L t+e p#lyme3. "+i& 
im%=e i& t+e &um #L 5#t+ t+e 3e&#-%-t %-d -#-3e&#-%-t *#-t3i5uti#-. "+e -#-3e&#-%-t &i=-%l *%- 5e i-depe-de-tly 
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Gi&u%lized 5y tu-i-= t+e ;%m%- &+iLt %B%y L3#m t+e @*S Gi53%ti#-. "+i& i& &+#B- i- Wi=u3e 5(e) B+e3e t+i& time t+e 
;%m%- &+iLt B%& &et t# 2752 *mO1 (+N"7l6N = 1064 -m. +pump =823 -m). % 3e=i#- #L t+e ;%m%- &pe*t3um B+e3e -# ;%m%- 
%*tiGe m#de& %3e p3e&e-t. "+e -#-3e&#-%-t &i=-%l i- Wi=u3e 5(e) #3i=i-%te& #-ly L3#m t+e p#lyme3 &i-*e ex*it%ti#- #**u3& 
L%3 e-#u=+ L3#m t+e =l%&& &u5&t3%te. Alt+#u=+ t+e -#-3e&#-%-t &i=-%l i& &t3#-=. % *+emi*%lly &ele*tiGe im%=e *%- 5e 
%tt%i-ed 5y &u5t3%*ti-= Wi=u3e 5(e) L3#m Wi=u3e 5(d). "+e 3e&ult #L t+i& #pe3%ti#- i& &+#B- i- Wi=u3e 5(L). "+e *#-t3%&t 
#5&e3Ged i- t+i& l%&t Li=u3e depe-d& ex*lu&iGely #- diLLe3e-*e& #L t+e 3e&#-%-t *#-t3i5uti#- t# t+e @A;N &i=-%l. "+e 
@A;N im%=e i- Wi=u3e 5(L) *le%3ly &+#B& &t3#-=e3 &i=-%l L3#m t+e *%-tileGe3& t+%t Be3e L%53i*%ted 5y l%3=e3 #Ge3l%ppi-= 
#L p#lyme3ized li-e&. Wu3t+e3m#3e. L#3 t+e l%&t tB# *%-tileGe3& @A;N &i=-%l &+#B& di&*3ete _ump& %li=-ed Bit+ t+e l%&e3 
p%&&e& u&ed t# L%53i*%te t+em.  

@A;N &i=-%l i& p3#p#3ti#-%l t# ,#(3),2 %-d t+e3eL#3e &t3#-=ly depe-d& #- t+e -um5e3 #L Gi53%ti#-%l #&*ill%t#3&. "+e 
di&*#-ti-uitie& i- @A;N &i=-%l p3e&e-t i- Wi=u3e 5(L) %3e t+e- % di3e*t *#-&eVue-*e #L t+e de-&ity #L t+e m%te3i%l. Fe-&e3 
i& t+e m%te3i%l t+e +i=+e3 i& t+e *#-*e-t3%ti#- #L @*S 5#-d& t+%t =iGe 3i&e t# &t3#-=e3 @A;N &i=-%l. Alt+#u=+ L3#m t+e 
N6/ im%=e& Be *%- dedu*e t+%t t+e mi*3#&t3u*tu3e i& % &#lid #5_e*t. t+e @A;N im%=e i-di*%te& Bit+#ut %-y d#u5t t+%t 
t+e de-&ity #L t+e mi*3#&t3u*tu3e i& -#t +#m#=e-#u& t+3#u=+#ut t+e &t3u*tu3e. Ni-*e de-&ity i& 3el%ted t# t+e p#lyme3 
*3#&&Oli-Ui-= %-d p#lyme3 t#t%l *#-Ge3&i#-. @A;N mi*3#&*#py i- t+e 3000 *mO1 3e=i#- %ll#B& ex%mi-i-= t+e 
expe3ime-t%l *#-diti#-& u&ed L#3 "99 L3#m % L%53i*%ti#- eLLe*tiGe-e&& p#i-t #L GieB. W#3 % &tiLLe3 p#lyme3 L#3 ex%mple. 
it i& de&i3%5le t# #5t%i- t+e +i=+e&t %m#u-t #L *3#&&Oli-Ui-=.  

 

 
Figure 5. "+3eeOdime-&i#-%l mi*3#&t3u*tu3e L%53i*%ted 5y "99 %-d im%=ed 5y N6/ %-d @A;N mi*3#&*#py. N6/ 
mi*3#=3%p+& #L t+e mi*3#&t3u*tu3e Bit+ &%mple tilted #L 45) (%) %-d 0) (5). "+e %3e% i- t+e B+ite &Vu%3e i- (5) i& e-l%3=ed i- 
(*). "+e &*%le 5%3& %3e 10 (m. 10 (m. %-d 2 (m L#3 (%). (5). %-d (*). 3e&pe*tiGely. 7-O (d) %-d #LLO3e&#-%-*e (e) @A;N 
im%=e& #L t+e mi*3#&t3u*tu3e 3el%tiGe t# it& @*S &t%3*+i-= m#de&. @A;N im%=e Bit+ &#lely 3e&#-%-t *#-t3i5uti#- (L). 
H-te-&itie& &*%le& i- %ll im%=e& %3e eVu%l (dM" &+#B- #- L%3 3i=+t). "+e &*%le 5%3 i- (d). (e). %-d (L) i& 20 (m. 

 

Alt+#u=+ pe3L#3mi-= @A;N mi*3#&*#py i- t+e 3000 *mO1 3e=i#- p3#Gide& u&eLul i-L#3m%ti#- #- t+e &t3u*tu3%l i-te=3ity 
#L t+3eeOdime-&i#-%l mi*3#&t3u*tu3e& L%53i*%ted 5y "99. it B#uld 5e de&i3%5le t# #5t%i- @A;N im%=e& Bit+ *#-t3%&t 
5%&ed #- t+e *+emi*%l diLLe3e-*e& 5etBee- t+e p#lyme3ized %-d u-p#lyme3ized p%3t& #L t+e &%mple. H- #3de3 t# te&t t+i& 
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p#&&i5ility. Be Li3&t *#lle*ted t+e ;%m%- &pe*t3% #L t+e 3e&i- 5eL#3e %-d %Lte3 p#lyme3iz%ti#-. "B# Lilm& #L t+e 3e&i- u&ed 
i- "99 Be3e *%&t 5etBee- =l%&& *#Ge3 &lip& Bit+ 100 (m t+i*U &p%*e3&. 7-e Lilm B%& *#mpletely p#lyme3ized 5y Ll##d 
Ma i33%di%ti#- B+ile t+e #t+e3 #-e B%& leLt i- t+e u-p#lyme3ized &t%te. Wi=u3e 6 &+#B& t+e ;%m%- &pe*t3% #L t+e&e Lilm& 
i- t+e 3e=i#- L3#m 1560 *mO1 t# 1750 *mO1. "+3ee 5%-d& %3e #5&e3Ged. #-e %t 1720 *mO1 due t# t+e *%35#-yl Gi53%ti#-. % 
&e*#-d #-e %t 1635 *mO1 due t# t+e *%35#-O*%35#- d#u5le 5#-d Gi53%ti#-. %-d l%&tly. #-e %t 1590 *mO1 due t# 3i-= 
Gi53%ti#-. T+ile t+e i-te-&ity #L t+e 3i-= %-d *%35#-yl &i=-%l& i& -#t %LLe*ted 5y p#lyme3iz%ti#-. % de*3e%&e i- t+e *%35#-O
*%35#- d#u5le 5#-d &i=-%l i& #5&e3Ged. "+i& i& *#-&i&te-t Bit+ t+e p3#*e&& #L 3%di*%l p#lyme3iz%ti#-. B+e3e *%35#-O
*%35#- d#u5le 5#-d& %3e depleted i- time *3e%ti-= *%35#-O*%35#- &i-=le 5#-d&. Ht i& t+3#u=+ t+e&e -eBly L#3med 5#-d& 
%m#-= t+e 53%-*+e& #L m#-#me3& t+%t t+e p#lyme3 i& L#3med. 

 

 
Figure 6. ;%m%- &pe*t3um #L t+e u-p#lyme3ized (&t3%i=+t li-e) %-d p#lyme3ized (d%&+ed li-e) 3e&i- u&ed i- "99. H-te=3%ti#- 
time B%& 120 & l#-=. %-d t+e ex*it%ti#- B%Gele-=t+ B%& 681 -m. "+e m#de& #L e%*+ 5%-d %3e %&&i=-ed. 

 

 
Figure 7. @A;N &pe*t3um #L t+e u-p#lyme3ized (&t3%i=+t li-e) %-d p#lyme3ized (d%&+ed li-e) 3e&i-. "+e Nt#Ue& 5e%m B%& 
tu-ed B+ile t+e pump 5e%m B%& Uept *#-&t%-t. "+e Ge3ti*%l li-e& %3e % =uide t# t+e eye %-d *#33e&p#-d t# t+e t+3ee ;%m%- 
m#de& p3e&e-ted 5y t+e m%te3i%l u&ed L#3 "99 %t 1590 *mO1. 1635 *mO1. %-d 1720 *mO1.  
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"+e @A;N &i=-%l i- t+e &%me 3%-=e #L ;%m%- &+iLt& B%& 3e*#3ded %-d t+e 3e&ult i& &+#B- i- Li=u3e 7. "+e &%mple 
*#-&i&ted #L % 3e&i- Lilm &%-dBi*+ed 5etBee- tB# =l%&& *#Ge3 &lip& Bit+ % 100 (m t+i*U &p%*e3. "+i& time. "99 B%& u&ed 
t# L%53i*%te t+3ee &#lid *u5e& Bit+ dime-&i#-& #L 20 (m. 20 (m %-d 10 (m i- x. y. %-d z. 3e&pe*tiGely %tt%*+ed t# #-e #L 
t+e tB# =l%&&g3e&i- i-te3L%*e. A l%&e3 %Ge3%=e p#Be3 #L 7 mT B%& u&ed %-d t+e &t%=e& m#Ged %t 10 (mg& du3i-= 
L%53i*%ti#-. "+e *u5e& Be3e *3e%ted 5y 3%&te3 &*%--i-= t+e l%&e3 i- x %- y di3e*ti#-& Bit+ 400 -m &p%*i-=& %-d t+e- 
&upe3imp#&i-= diLLe3e-t l%ye3& #-e #- t#p #L e%*+ #t+e3 Bit+ % &ep%3%ti#- i- t+e z di3e*ti#- #L 2 (m. "+e u-&#lidiLied 
3e&i- %3#u-d t+e&e mi*3#&t3u*tu3e& B%& -#t B%&+ed %B%y %-d t+e %&&em5ly B%& u&ed di3e*tly L#3 *#lle*ti-= t+e @A;N 
&pe*t3um.  

"+e @A;N &pe*t3um B%& #5t%i-ed 5y tu-i-= t+e emi&&i#- #L t+e 797 (pump 5e%m) L3#m 912 -m t# 897 -m. 
@#-&ide3i-= t+%t t+e Nt#Ue& 5e%m i& Lixed %t 1064 -m. t+i& *#33e&p#-d& t# t+e *3iti*%l 3%-=e #L ;%m%- &+iLt& L#3 t+e 
Lu-*ti#-%l =3#up& #L i-te3e&t. Tit+ % &tep &ize #L 4 *mO1. Be *#lle*ted t+e e-ti3e &pe*t3um L#3 5#t+ t+e p#lyme3ized %-d 
u-p#lyme3ized 3e&i- p#i-t 5y p#i-t. "+i& B%& %**#mpli&+ed 5y 3e*#3di-= L#3 e%*+ B%Gele-=t+ % yOz im%=e l%3=e e-#u=+ 
t# *#-t%i- &i=-%l& L3#m t+e p#lyme3ized *u5e&. t+e u-p#lyme3ized 3e&i- %3#u-d t+em. %-d t+e =l%&& &u5&t3%te t# B+i*+ 
t+e *u5e& %3e %-*+#3ed. "+e t3%*e& i- Wi=u3e 7 %3e -#3m%lized t# t+e -#-3e&#-%-t &i=-%l L3#m t+e =l%&& *#Ge3&lip. 

"B# @A;N &pe*t3%l &i=-%tu3e& *%- 5e di&ti-=ui&+ed i- t+e mi*3#&t3u*tu3e& 3el%tiGe t# t+e u-p#lyme3ized 3e&i-. "+e pe%U 
%t 1710 *mO1 *%- 5e %&&i=-ed t# t+e *%35#-yl Gi53%ti#- m#de B+ile t+e pe%U %t 1625 *mO1 +%& % &t3#-= *#-t3i5uti#- L3#m 
t+e *%35#-O*%35#- d#u5le 5#-d Gi53%ti#-. "+e Gi53%ti#-%l &i=-%tu3e& %3e &t3#-=ly mixed Bit+ t+e -#-3e&#-%-t 
5%*U=3#u-d. B+i*+ 3e&ult& i- di&pe3&iGe li-e &+%pe&. @#-&eVue-ti%lly. t+e m%ximum #L t+e @A;N &i=-%l i& 3edO&+iLted 
Bit+ 3e&pe*t t# t+e *#33e&p#-di-= ;%m%- &+iLt m%ximum %-d % *+%3%*te3i&ti* dip i& &ee- %t t+e 5lue &ide #L t+e ;%m%- 
li-e. Wu3t+e3m#3e. t+e @A;N li-e& &+%pe& %3e 53#%de3 t+%t t+e ;%m%- #-e&. T+ile t+e p#lyme3ized 3e&i- &+#B& % &imil%3 
@A;N &i=-%l %t 1720 *mO1 t# t+e u-p#lyme3ized 3e&i-. t+e &i=-%l %t 1635 *mO1 i& &i=-iLi*%-tly diLLe3e-t.  

 

 
Figure 8. @#mp%3i&#- #L @A;N im%=e& #L % p#lyme3ized mi*3#&t3u*tu3e &u33#u-ded 5y % 5%t+ #L u-p#lyme3ized 3e&i- 
3e*#3ded %t 1620 *mO1 %-d 1655 *mO1. "+e 3el%tiGe &i=-%l &t3e-=t+& 5etBee- t+e &i=-%l L3#m t+e u-p#lyme3ized 3e&i- %-d 
A6T97;" %3e i-Ge3ted 5y &Bit*+i-= B%Ge-um5e3&. "+e &ize #L e%*+ lette3 i- t+e mi*3#&t3u*tu3e i& 20 (m 5y 25 (m.     
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Te +yp#t+e&ize t+%t t+e diLLe3e-*e i- @A;N &i=-%l 5etBee- p#lyme3ized %-d u-p#lyme3ized 3e&i- %t 1635 *mO1 i& 
*%u&ed 5y % diLLe3e-*e i- *#-*e-t3%ti#-& #L *%35#-g*%35#- d#u5le 5#-d 3e&#-%t#3&. "+i& diLLe3e-*e *%- 5e expl#ited 5y 
@A;N mi*3#&*#py i- #3de3 t# Gi&u%lly di&ti-=ui&+ %m#-= p#lyme3ized %-d u-p#lyme3ized p%3t& #L mi*3#&t3u*tu3e& 
L%53i*%ted 5y "99. Te dem#-&t3%te t+i& p#i-t i- Wi=u3e 8. W#3 t+i& te&t. 5y u&i-= t+e &%me *#-diti#-& utilized t# L%53i*%te 
t+e mi*3#&t3u*tu3e& i- Li=u3e 4. A6T97;" B%& B3itte- 5y "99 #- % =l%&& &u5&t3%te %-d t+e u-p#lyme3ized 3e&i- B%& 
leLt %3#u-d t+e tB#Odime-&i#-%l p%tte3-&. "B# im%=e& Be3e 3e*#3ded. #-e 5y tu-i-= t+e ex*it%ti#- l%&e3& &# t# ex*ite % 
;%m%- &+iLt %t 1620 *mO1 (%). %-d #-e 5y tu-i-= t+e ex*it%ti#- l%&e3& &# t# ex*ite % ;%m%- &+iLt %t 1655 *mO1. At t+e&e 
tB# Nt#Ue& &+iLt& Be +%Ge diLLe3e-t @A;N i-te-&ity &i=-%l& L#3 t+e p#lyme3ized %-d u-p#lyme3ized 3e&i- (Li=u3e 7). At 
1620 *mO1. t+e &i=-%l L3#m t+e u-p#lyme3ized 3e&i- i& &t3#-=e3 t+%t t+e &i=-%l L3#m t+e p#lyme3ized 3e&i-. B+ile %t 1655 
*mO1 t+e &itu%ti#- i& 3eGe3&ed. "+e im%=e& i- Wi=u3e 8 u-mi&t%U%5ly illu&t3%te t+i& p+e-#me-#-. H- (%) t+e 5%*U=3#u-d. 
t+e u-p#lyme3ized 3e&i-. i& 53i=+te3 t+%t t+e p#lyme3ized mi*3#&t3u*tu3e. H- (5). A6T97;" i& 53i=+te3 t+%- t+e 
5%*U=3#u-d. 

 

5. CONCLUSIONS 
Te +%Ge dem#-&t3%ted t+e u&e #L @A;N im%=i-= L#3 t+e mi*3#&*#pi* *+%3%*te3iz%ti#- #L t+3eeOdime-&i#-%l 
mi*3#&t3u*tu3e& L%53i*%ted 5y "99. "+e 3e&i- u&ed i- t+i& &tudy pe3mit& %-%ly&i& Bit+ l#B l%&e3 %Ge3%=e p#Be3 %G#idi-= 
melti-= %-dg#3 m#diLi*%ti#- #L t+e &%mple B+ile im%=i-=. Nt3u*tu3%l i-L#3m%ti#- *%- 5e 3et3ieGed 5y u&i-= t+e &t3#-= 
&i=-%l =e-e3%ted i- t+e 3000 *mO1 3e=i#- 5y t+e %5u-d%-t @*S &t3et*+i-= m#de&. B+ile di&t3i5uti#-& #L *%35#-O*%35#- 
d#u5le 5#-d& %ll#B& L#3 *+emi*%l &pe*iLi*ity i- im%=i-=. "+i& te*+-iVue p3#Gide& t+e %5ility t# di&ti-=ui&+ p#lyme3ized 
%-d u-p#lyme3ized 3e&i- Bit+ +i=+ &p%ti%l 3e&#luti#-.   
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