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S y nt h e si s- pr o p ert y r el ati o n i s f u n d a m e nt al t o m at eri al s s ci e n c e, b ut m a n y a s p e ct s of t h e r el ati o n 

ar e  n ot  w ell  u n d er st o o d  f or  m a n y  m at eri al s.  I m p et u s  f or  t hi s  p a p er  c o m e s  fr o m  o ur  r e c e nt 

a p pr e ci ati o n f or t h e di sti n ct r ol e s of e nt a n gl e m e nt s a n d cr o s sli n k s i n a p ol y m er n et w or k. H er e w e 

st u d y  t h e  s y nt h e si s- pr o p ert y  r el ati o n  of  p ol y a cr yl a mi d e  h y dr o g el s  pr e p ar e d  b y  fr e e  r a di c al 

p ol y m eri z ati o n. S o m e of t h e a s- pr e p ar e d h y dr o g el s ar e f urt h er s u b m er g e d i n w at er t o s w ell eit h er 

t o e q uili bri u m or t o a c ert ai n p ol y m er c o nt e nt. T h e s y nt h e si s p ar a m et er s i n cl u d e t h e c o m p o siti o n 

of  a pr e c ur s or,  a s w ell a s  t h e p ol y m er  c o nt e nt of  a h y dr o g el. S eri e s  of h y dr o g el s ar e  pr e p ar e d 

al o n g  s e v er al  p at h s  i n  t h e  s p a c e  of  s y nt h e si s  p ar a m et er s.  F or  e a c h  h y dr o g el,  t h e  str e s s- str et c h 

c ur v e  i s  m e a s ur e d,  gi vi n g  f o ur  pr o p erti e s:  m o d ul u s,  str e n gt h,  str et c h a bilit y,  a n d  w or k  of  fr a c -

t ur e. W e i nt er pr et t h e e x p eri m e nt all y m e a s ur e d s y nt h e si s- pr o p ert y r el ati o n i n t er m s of e ntr o pi c 

p ol y m er  n et w or k s  of  c o v al e nt  b o n d s.  W h e n  t h e  pr e c ur s or  h a s  a  l o w  cr o s sli n k er-t o- m o n o m er 

m ol ar  r ati o,  t h e  r e s ulti n g  p ol y m er  n et w or k  h a s  o n  a v er a g e  l o n g  p ol y m er  s e g m e nt s.  W h e n  t h e 

pr e c ur s or h a s a l o w w at er-t o- m o n o m er m ol ar r ati o, t h e r e s ulti n g p ol y m er n et w or k h a s o n a v er a g e 

m a n y e nt a n gl e m e nt s p er p ol y m er s e g m e nt. W e s h o w t h at cr o s sli n k s l o w er str e n gt h, b ut e nt a n -

gl e m e nt s d o n ot. B y c o ntr a st, b ot h cr o s sli n k s a n d e nt a n gl e m e nt s i n cr e a s e m o d ul u s. A n et w or k of 

hi g hl y e nt a n gl e d l o n g p ol y m er s e g m e nt s e x hi bit s hi g h s w ell r e si st a n c e, m o d ul u s, a n d str e n gt h.   

1. I nt r o d u cti o n 

M at eri al s m a p t h e s p a c e of s y nt h e si s p ar a m et er s t o t h e s p a c e of pr o p erti e s ( Fi g. 1 ). B ot h s p a c e s h a v e hi g h di m e n si o n s, a n d t h e m a p 

i s  n o nli n e ar.  St u d yi n g  t h e  s y nt h e si s- pr o p ert y  m a p  i s  a  f u n d a m e nt al  c h all e n g e  i n  m at eri al s  s ci e n c e.  T h e  hi g h  di m e n si o n alit y  a n d 

n o nli n e arit y m a k e it i m p o s si bl e t o st u d y t h e m a p b y e x p eri m e nt s al o n e. It h a s b e e n a l o n g tr a diti o n t o c o m pl e m e nt e x p eri m e nt al 

st u di e s wit h m e c h a ni sti c pi ct ur e s of mi cr o str u ct ur al pr o c e s s e s. R ar el y, h o w e v er, ar e t h e m e c h a ni sti c pi ct ur e s d et ail e d e n o u g h t o m a k e 

c o m pl et e pr e di cti o n s. T h e st u d y of t h e s y nt h e si s- pr o p ert y m a p of a n y gi v e n m at eri al i s w or k i n pr o gr e s s. 

H er e  w e  st u d y  t h e  s y nt h e si s- pr o p ert y  m a p  of  p ol y a cr yl a mi d e  h y dr o g el s  pr e p ar e d  b y  fr e e  r a di c al  p ol y m eri z ati o n.  A  pr e c ur s or 

c o n si st s of f o ur i n gr e di e nt s: s ol v e nt ( w at er), m o n o m er ( a cr yl a mi d e, A A m), cr o s sli n k er ( N, N ’- m et h yl e n e bi s a cr yl a mi d e, M B A A), a n d 

p h ot oi niti at or ( 2- h y dr o x y- 4 ′-( 2- h y d r o x y et h o x y)- 2- m et h yl pr o pi o p h e n o n e, Ir g a c ur e- 2 9 5 9) (Fi g. 2 ). T h e s y nt h e si s p ar a m et er s i n cl u d e 

t h e c o m p o siti o n of a pr e c ur s or, c h ar a ct eri z e d b y t h e w at er-t o- m o n o m er m ol ar r ati o W , t h e cr o s sli n k er-t o- m o n o m er m ol ar r ati o C , a n d 

t h e p h ot oi niti at or-t o- m o n o m er m ol ar r ati o I. T o r e d u c e t h e di m e n si o n of t h e s p a c e of s y nt h e si s p ar a m et er s, w e s et I/ C = 0. 4 f or all 

*  C orr e s p o n di n g a ut h or. 

E- m ail a d dr ess: s u o @ s e a s. h ar v ar d. e d u ( Z. S u o).  

C o nt e nt s li st s a v ail a bl e at S ci e n c e Dir e ct 

J o u r n al of t h e M e c h a ni c s a n d P h y si c s of S oli d s 

j o ur n al h o m e p a g e: w w w. el s e vi er. c o m/l o c at e/j m p s 

htt p s: / / d oi. or g / 1 0. 1 0 1 6 /j.j m p s. 2 0 2 2. 1 0 5 0 9 9 

R e c ei v e d 2 4 A u g u st 2 0 2 2; R e c ei v e d i n r e vi s e d f or m 7 O ct o b er 2 0 2 2; A c c e pt e d 7 O ct o b er 2 0 2 2   



J o ur n al of t h e M e c h a ni cs a n d P h ysi cs of S oli ds 1 7 0 ( 2 0 2 3 ) 1 0 5 0 9 9

2

h y dr o g el s. S o m e a s- pr e p ar e d h y dr o g el s ar e s u b m er g e d i n w at er t o s w ell eit h er t o e q uili bri u m or t o a c ert ai n p ol y m er c o nt e nt. F or t h e s e 

h y dr o g el s, t h e s y nt h e si s p ar a m et er s f urt h er i n cl u d e t h e p ol y m er-t o- h y dr o g el w ei g ht r ati o ϕ . F or e a c h h y dr o g el, t h e str e s s- str et c h c ur v e 

i s m e a s ur e d, gi vi n g f o ur pr o p erti e s: m o d ul u s, str e n gt h, str et c h a bilit y, a n d w or k of fr a ct ur e. 

W e di s s ol v e m o n o m er s, cr o s sli n k er s, a n d p h ot oi niti at or s i n w at er ( Fi g. 3 a). U n d er a n ultr a vi ol et l a m p, t h e p h ot oi niti at or a cti v at e s 

t h e r e a cti o n s, s o t h at t h e m o n o m er s li n k i nt o p ol y m er c h ai n s, a n d p ol y m er c h ai n s cr o s sli n k i nt o a p ol y m er n et w or k ( Fi g. 3 b). T h e 

r e s ulti n g a g gr e g at e of w at er a n d p ol y m er n et w or k i s c all e d t h e a s- pr e p ar e d h y dr o g el. S u b m er g e d i n w at er, t h e a s- pr e p ar e d h y dr o g el 

i m bi b e s m or e w at er (Fi g. 3 c). 

T h e p ar a m et er s of s y nt h e si s aff e ct pr o p erti e s of a m at eri al t hr o u g h it s str u ct ur e. T h e str u ct ur e of a h y dr o g el i s d et er mi n e d b y t h e 

c o m p o siti o n of t h e pr e c ur s or, a s w ell a s t h e a m o u nt of s w elli n g aft er p ol y m eri z ati o n. A h y dr o g el i s pr e p ar e d u si n g a pr e c ur s or of 

v ari o u s v al u e s of cr o s sli n k er-t o- m o n o m er m ol ar r ati o C . T h e cr o s sli n k er M B A A h a s t w o f u n cti o n al gr o u p s, w hi c h ar e i n c or p or at e d i nt o 

t w o p ol y m er c h ai n s, m a ki n g a cr o s sli n k. E a c h cr o s sli n k i s a s s u m e d t o c o n n e ct f o ur p ol y m er s e g m e nt s, a n d e a c h p ol y m er s e g m e nt i s 

a s s u m e d t o e n d at t w o cr o s sli n k s. C o n s e q u e ntl y, e a c h p ol y m er s e g m e nt o n a v er a g e h a s ( 2 C )− 1 m o n o m e r u nit s. P ol y m er s e g m e nt s ar e 

l o n g o n a v er a g e f or a h y dr o g el pr e p ar e d u si n g a pr e c ur s or of a l o w C . 

A h y dr o g el i s c o m m o nl y pr e p ar e d u si n g a pr e c ur s or of a l ar g e w at er-t o- m o n o m er m ol ar r ati o W , s o t h at m o n o m er s ar e s p ar s e i n 

pr e c ur s or ( Fi g. 3 a). T h e s p ar s e m o n o m er s f or m a s p ar s el y e nt a n gl e d p ol y m er n et w or k ( Fi g. 3 b). S u b m er g e d i n w at er, t h e a s- pr e p ar e d 

h y dr o g el c a n i m bi b e a l ar g e q u a ntit y of w at er ( Fi g. 3 c). B y c o ntr a st, i n a h y dr o g el pr e p ar e d u si n g a pr e c ur s or of a s m all w at er-t o- 

m o n o m er m ol ar r ati o W , t h e m o n o m er s ar e cr o w d e d (Fi g. 3 d). T h e cr o w d e d m o n o m er s f or m a hi g hl y e nt a n gl e d p ol y m er n et w or k 

(Fi g. 3 e). S u b m er g e d i n w at er, t h e a s- pr e p ar e d h y dr o g el i m bi b e s a m o d e st q u a ntit y of w at er ( Fi g. 3 f). 

W h e n t h e h y dr o g el s w ell s, t h e cr o s sli n k s pr e s er v e n ot o nl y t h e n u m b er of m o n o m er s p er p ol y m er s e g m e nt, b ut al s o t h e n u m b er of 

e nt a n gl e m e nt s  p er  p ol y m er  s e g m e nt.  T h at  i s,  s w elli n g  r e d u c e s  p ol y m er  c o nt e nt  of  a  h y dr o g el,  b ut  pr e s er v e s  t h e  t o p ol o g y  of  t h e 

p ol y m er n et w or k. I n a n a s- pr e p ar e d h y dr o g el, t h e p ol y m er c o nt e nt ϕ i s d et er mi n e d b y t h e w at er-t o- m o n o m er m ol ar r ati o W of t h e 

pr e c ur s or:  

ϕ = M A A m / (M A A m + W M W at er ),                                                                                                                                                 ( 1) 

w h er e M A A m = 7 1. 0 8 g / m ol i s t h e m ol ar m a s s of A A m a n d M W at er = 1 8 g / m ol i s t h e m ol ar m a s s of w at er. S u b m er g e d i n w at er, t h e a s- 

pr e p ar e d h y dr o g el i m bi b e s m or e w at er. I n s o m e i n st a n c e s, w e t a k e h y dr o g el s o ut of w at er aft er t h e y g ai n a c ert ai n w ei g ht, b ef or e t h e y 

s w ell t o e q uili bri u m. T h e s e h y dr o g el s ar e h o m o g e ni z e d i n a pl a sti c b a g at r o o m t e m p er at ur e o v er ni g ht. S u c h a s a m pl e h a s a p ol y m er 

c o nt e nt ϕ n ot s et b y W a n d C of t h e pr e c ur s or. I n ot h er i n st a n c e s, t h e h y dr o g el s ar e l eft i n w at er t o s w ell t o e q uili bri u m. S u c h a s a m pl e 

h a s a p ol y m er c o nt e nt ϕ s et b y W a n d C of t h e pr e c ur s or. 

T h e e m p h a si s i n t hi s p a p er i s pl a c e d o n h o w t h e s y nt h e si s p ar a m et er s aff e ct pr o p erti e s d et er mi n e d b y t h e str e s s- str et c h c ur v e s, 

i n cl u di n g  m o d ul u s,  str e n gt h,  str et c h a bilit y,  a n d  w or k  of  fr a ct ur e.  W e  i nt er pr et  t h e  e x p eri m e nt all y  m e a s ur e d  s y nt h e si s- pr o p ert y 

r el ati o n  of  p ol y a cr yl a mi d e  h y dr o g el s  i n  t er m s  of  e ntr o pi c  p ol y m er  n et w or k s  of  c o v al e nt  b o n d s.  T h e  s y nt h e si s  p ar a m et er s, W,  C , 

a n d ϕ , f or m a t hr e e- di m e n si o n al s p a c e (Fi g. 4 ). H er e w e e x pl or e t hi s s p a c e b y pr e p ari n g h y dr o g el s al o n g f o ur p at h s. W e d e s cri b e 

e x p eri m e nt al m et h o d s of s y nt h e si zi n g t h e h y dr o g el s a n d m e a s uri n g t h eir pr o p erti e s ( S e cti o n 2 ). S eri e s i st art s wit h pr e c ur s or s of 

c o m m o nl y u s e d c o m p o siti o n s: a hi g h v al u e of W = 2 2. 3 8 a n d v ari o u s v al u e s of C fr o m 3 × 1 0 − 4 t o 3 × 1 0 − 3 (S e cti o n 3 ). T h e a s- 

Fi g. 1. M at eri al s m a p t h e s p a c e of s y nt h e si s p ar a m et er s t o t h e s p a c e of pr o p erti e s. Li st e d ar e t h e s y nt h e si s p ar a m et er s a n d t h e m at eri al pr o p erti e s 

st u di e d i n t hi s p a p er. 

Fi g. 2. A pr e c ur s or c o n si st s of f o ur s p e ci e s of m ol e c ul e s: s ol v e nt ( w at er), m o n o m er ( A A m), cr o s sli n k er ( M B A A), a n d p h ot oi niti at or (Ir g a c ur e- 2 9 5 9).  

Y. W a n g et al.                                                                                                                                                                                                          
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pr e p ar e d h y dr o g el s i n s eri e s i h a v e a p ol y m er c o nt e nt of ϕ = 1 5 wt %, a n d ar e u s e d t o m e a s ur e str e s s- str et c h c ur v e s wit h o ut f urt h er 

s w elli n g. S eri e s ii st art s wit h pr e c ur s or s of r ar el y u s e d c o m p o siti o n s: a n e x c e pti o n all y l o w v al u e of W = 2 a n d v ari o u s v al u e s of C fr o m 

6 × 1 0 − 6 t o 1. 2 × 1 0 − 3 (S e cti o n 4 ). T h e v al u e of C = 6 × 1 0 − 6 i s al s o e x c e pti o n all y l o w. T h e l o w v al u e s of W a n d C l e a d t o a p ol y m er 

n et w or k of u n u s u all y d e n s e e nt a n gl e m e nt s a n d l o n g p ol y m er s e g m e nt s. T h e a s- pr e p ar e d h y dr o g el s of s eri e s ii ar e s u b m er g e d i n w at er 

t o s w ell t o e q uili bri u m. B e c a u s e of t h e d e n s e e nt a n gl e m e nt s, s u c h f ull y s w oll e n h y dr o g el s of v ari o u s C h a v e a si mil ar p ol y m er c o nt e nt 

of ϕ = 1 5 wt %. T o ill u str at e t h e eff e ct of e nt a n gl e m e nt s f urt h er, s eri e s iii ar e pr e p ar e d u si n g pr e c ur s or s of C = 6 × 1 0 − 4 a n d v a ri o u s 

v al u e s of W fr o m 2 t o 2 2. 3 8 (S e cti o n 5 ). T h e a s- pr e p ar e d h y dr o g el s of s eri e s iii ar e s u b m er g e d i n w at er t o s w ell t o e q uili bri u m. V al u e of 

W aff e ct s t h e d e n sit y of e nt a n gl e m e nt, s o t h at p ol y m er c o nt e nt s ϕ r a n g e s fr o m 4 wt % t o 1 5 wt %. T o st u d y t h e eff e ct of p ol y m et c o nt e nt, 

s eri e s i v st art s wit h pr e c ur s or s of C = 6 × 1 0 − 4 a n d v a ri o u s v al u e s of W fr o m 2 t o 2 2. 3 8 (S e cti o n 6 ). T h e a s- pr e p ar e d h y dr o g el s of s eri e s 

i v ar e s u b m er g e d i n w at er t o a si mil ar p ol y m er c o nt e nt of ϕ = 1 5 wt %. 

T h e i m p et u s of t h e c urr e nt p a p er c o m e s fr o m o ur r e c e nt a p pr e ci ati o n f or t h e di sti n ct r ol e s pl a y e d b y e nt a n gl e m e nt s a n d cr o s sli n k s. 

T hi s p a p er b el o n g s t o a s eri e s i n w hi c h w e u s e p ol y a cr yl a mi d e h y dr o g el s a s a m o d el s y st e m t o st u d y t h e m e c h a ni c s of hi g hl y el a sti c 

p ol y m er n et w or k s ( H a s s a n et al., 2 0 2 2 ; Ki m et al., 2 0 2 2 ; Li u et al., 2 0 1 9 ; W a n g et al., 2 0 2 1 a ; Y a n g et al., 2 0 1 9 ). P ol y a cr yl a mi d e 

h y dr o g el s ar e c o m m o nl y s y nt h e si z e d i n a c a d e mi c a n d i n d u stri al l a b s, a n d h a v e f o u n d e xt e n si v e a p pli c ati o n s i n bi ol o g y, a gri c ult ur e, 

a n d m e di ci n e ( C a ul fi el d et al., 2 0 0 2 ). W h er e a s t h e eff e ct of C a n d ϕ o n pr o p erti e s h a v e l o n g b e e n a p pr e ci at e d, t h e eff e ct of W o n 

pr o p erti e s h a s o nl y b e g u n t o r e c ei v e att e nti o n r e c e ntl y ( Ki m et al., 2 0 2 1 ). A pr e c ur s or of a l o w er W l e a d s t o a h y dr o g el of m or e e n-

t a n gl e m e nt s p er p ol y m er s e g m e nt. F or a h y dr o g el s w oll e n t o e q uili bri u m, m o d ul u s i s s et b y e nt a n gl e m e nt s, b ut t h e t o u g h n e s s a n d 

f ati g u e t hr e s h ol d ar e s et b y cr o s sli n k s. A h y dr o g el pr e p ar e d b y a pr e c ur s or of l o w W a n d l o w C h a s d e n s e e nt a n gl e m e nt s a n d s p ar s e 

cr o s sli n k s,  si m ult a n e o u sl y  a c hi e vi n g  hi g h  m o d ul u s,  t o u g h n e s s,  a n d  f ati g u e  t hr e s h ol d.  T hi s  d e si g n  pri n ci pl e  r e s ol v e s  t h e  c o n fli ct 

Fi g. 3. S y nt h e si s of a h y dr o g el b y fr e e r a di c al p ol y m eri z ati o n. ( a) A pr e c ur s or of a l ar g e w at er-t o- m o n o m er m ol ar r ati o. ( b) T h e m o n o m er s f or m a 

s p ar s el y e nt a n gl e d p ol y m er n et w or k. ( c) S u b m er g e d i n w at er, t h e s p a r s el y e nt a n gl e d h y dr o g el i m bi b e s a l ar g e q u a ntit y of w at er. ( d) A pr e c ur s or of a 

s m all w at er-t o- m o n o m er m ol ar r ati o. ( e) T h e m o n o m er s f or m a hi g hl y e nt a n gl e d p ol y m er n et w or k. (f) S u b m er g e d i n w at er, t h e hi g hl y e nt a n gl e d 

h y dr o g el i m bi b e s a m o d e st q u a ntit y of w at er. 

Y. W a n g et al.                                                                                                                                                                                                          
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b et w e e n m o d ul u s a n d f ati g u e t hr e s h ol d of p ol y m er n et w or k s. It w a s al s o n ot e d t h at a h y dr o g el of d e n s e e nt a n gl e m e nt s a n d s p ar s e 

cr o s sli n k s h a s a hi g h str e n gt h ( Ki m et al., 2 0 2 1 ). T hi s eff e ct w a s n ot st u di e d i n t h e pr e vi o u s p a p er a n d pr o vi d e d a n i niti al f o c u s of t h e 

c urr e nt p a p er. 

A str e s s- str et c h c ur v e m e a s ur e d wit h a s a m pl e wit h o ut pr e cr a c k d et er mi n e s m o d ul u s, str e n gt h, str et c h a bilit y, a n d w or k of fr a ct ur e. 

E v e n a s a m pl e wit h o ut a n y pr e cr a c k i n e vit a bl y c o nt ai n s cr a c k-li k e fi a w s. S m all fl a w s d o n ot i n fl u e n c e str e s s- str et c h c ur v e, b ut l ar g e 

fl a w s d o. A m at eri al- s p e ci fi c l e n gt h e xi st s, c all e d t h e fr a ct o c o h e si v e l e n gt h, b el o w w hi c h fl a w s d o n ot r e d u c e str e n gt h ( C h e n et al., 

2 0 1 7 ; W a n g et al., 2 0 2 0 ). A r e pr e s e nt ati v e v al u e of t h e fr a ct o c o h e si v e l e n gt h of a p ol y a cr yl a mi d e h y dr o g el i s 1 m m ( Y a n g et al., 2 0 1 9 ). 

Gi v e n  t h at  p ol y a cr yl a mi d e  h y dr o g el s  t y pi c all y  c o nt ai n  fl a w s  s m all er  t h a n,  s a y,  0. 1  m m,  str e s s- str et c h  c ur v e s  of  p ol y a cr yl a mi d e 

h y dr o g el s ar e fl a w-i n s e n siti v e. I n r e c e nt d e c a d e s, t o u g h n e s s of p ol y m er n et w or k s h a s b e e n e xt e n si v el y st u di e d ( G o n g et al., 2 0 0 3 ; Ki m 

et al., 2 0 2 1 ; L o n g a n d H ui, 2 0 1 6 ; S u n et al., 2 0 1 2 ; W a n g et al., 2 0 2 1 b ), b ut str e n gt h of p ol y m er n et w or k s h a s n ot. Si n c e t h e 1 9 5 0 s, 

str e n gt h of el a st o m er s h a s b e e n st u di e d, i n cl u di n g t h e eff e ct s of ori e nt ati o n s of c h ai n s ( T a yl or a n d D ari n, 1 9 5 5 ), u n e q u al c h ai n l e n gt h s 

(B u e c h e, 1 9 5 7 ), d a n gli n g c h ai n s (B u e c h e, 1 9 5 6 ), a n d d e gr e e of cr o s sli n k s ( B u e c h e a n d D u d e k, 1 9 6 3 ; Fl or y et al., 1 9 4 9 ). Str e n gt h of 

el a st o m er s h a s b e e n e xt e n si v el y m e a s ur e d a s a f u n cti o n of t e m p er at ur e a n d str ai n r at e, s h o wi n g t h at vi s c o el a sti cit y aff e ct s str e n gt h 

(S mit h, 1 9 7 8 ). B y c o ntr a st, str e n gt h of h y dr o g el s h a v e b e e n l e s s st u di e d. A p ol y a cr yl a mi d e h y dr o g el c o nt ai ni n g hi g h w at er c o nt e nt 

e x hi bit s n e ar- p erf e ct el a sti cit y – t h at i s, t h e str e s s- str et c h c ur v e h a s n e gli gi bl e h y st er e si s (Y a n g et al., 2 0 1 9 ), a n d i s i n s e n siti v e t o str ai n 

r at e  ( H a s s a n  et  al.,  2 0 2 2 ).  T hi s  p a p er  st u di e s  h o w  s y nt h e si s  p ar a m et er s, W,  C ,  a n d ϕ ,  aff e ct  t h e  str e n gt h,  a s  w ell  a s  m o d ul u s, 

str et c h a bilit y, a n d w or k of fr a ct ur e, of p ol y a cr yl a mi d e h y dr o g el s. 

2.  E x p e ri m e nt al s e cti o n 

2. 1. Pr e p ar ati o n of h y dr o g els 

All c h e mi c al s w er e u s e d a s p ur c h a s e d, i n cl u di n g d ei o ni z e d w at er ( P ol a n d S pri n g), a cr yl a mi d e ( A A m; Si g m a- Al dri c h, A 8 8 8 7), N, N ’- 

m et h yl e n e bi s a cr yl a mi d e ( M B A A; Si g m a- Al dri c h, M 7 2 7 9), 2- h y dr o x y- 4 ′-( 2- h y d r o x y et h o x y)- 2- m et h yl pr o pi o p h e n o n e (Ir g a c ur e- 2 9 5 9; 

Si g m a- Al dri c h, 4 1 0 8 9 6), a n d et h a n ol ( Si g m a- Al dri c h, E 7 0 2 3). 

T h e pr e c ur s or of t h e p ol y a cr yl a mi d e h y dr o g el w a s a n a q u e o u s s ol uti o n of A A m ( W = 2, 8, 1 5, or 2 2. 3 8) a s t h e m o n o m er, a n d M B A A 

(C = 6 × 1 0 − 6 , 1. 2 × 1 0 − 5 , 3 × 1 0 − 5 , 6 × 1 0 − 5 , 3 × 1 0 − 4 , 6 × 1 0 − 4 , 1. 2 × 1 0 − 3 , o r 3 × 1 0 − 3 ) a s t h e c r o s sli n k er. F or h y dr o g el s of l o w 

w at er-t o- m o n o m er m ol ar r ati o s, t h e a q u e o u s s ol uti o n of c o n c e ntr at e d m o n o m er s w a s h e at e d i n a mi cr o w a v e o v e n f or ~ 1 5 s t o f ull y 

di s s ol v e t h e m o n o m er s, a n d t h e n w a s mi x e d wit h t h e cr o s sli n k er. T h e p h ot oi niti at or Ir g a c ur e- 2 9 5 9 d o e s n ot di s s ol v e i n w at er. I n st e a d, 

Ir g a c ur e- 2 9 5 9 w a s di s s ol v e d i n et h a n ol ( 0. 1 M). E a c h pr e c ur s or w a s t h e n pr e p ar e d b y mi xi n g a w at er- A A m- M B A A s ol uti o n a n d t h e 

et h a n ol-Ir g a c ur e- 2 9 5 9 s ol uti o n t o e n s ur e a fi x e d r ati o of I/ C = 0. 4. I n t h e r e s ulti n g pr e c ur s or, t h e a m o u nt of et h a n ol i s s m all c o m p ar e d 

t o t h at of w at er, a n d w e d o n ot st u d y h o w t h e c o n c e ntr ati o n of et h a n ol aff e ct s t h e m e c h a ni c al b e h a vi or of t h e h y dr o g el s. 

Fi g.  4. S p a c e  of  t hr e e  s y nt h e si s  p ar a m et er s.  A  c o m p o siti o n  of  a  pr e c ur s or  i s  c h ar a ct eri z e d  b y  t h e  w at er-t o- m o n o m er  m ol ar  r ati o W a n d  t h e 

cr o s sli n k er-t o- m o n o m er m ol ar r ati o C . T h e p ol y m er c o nt e nt of t h e h y dr o g el i s ϕ . F o ur s eri e s of s a m pl e s ar e s y nt h e si z e d. 
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T h e pr e c ur s or w a s p o ur e d i nt o a 1. 5 m m-t hi c k a cr yli c m ol d gl u e d o n a gl a s s s u b str at e. A n ot h er gl a s s s h e et w a s u s e d t o s e al t h e 

m ol d. T h e pr e c ur s or w a s g ell e d u n d er a U V l a m p ( w a v el e n gt h 3 6 5 n m a n d i nt e n sit y 1. 5 m W / c m 2 ; 1 0 e a, S a n k y o D e n ki, F 8 T 5 B L) f or 3 

h o ur s. 

2. 2.  C h oi c e of t h e p h ot oi niti at or-t o- cr ossli n k er m ol ar r ati o 

T h e p h ot oi niti at or s p arti ci p at e i n p ol y m eri z ati o n a s f oll o w s ( Fl or y, 1 9 5 3 ; Li u et al., 2 0 1 4 ). U n d er a n ultr a vi ol et l a m p, a p h ot o -

i niti at or d e c o m p o s e s i nt o t w o fr e e r a di c al s (Fi g. 5 a). U p o n m e eti n g wit h a m o n o m er, a fr e e r a di c al r e a ct s wit h t h e m o n o m er, o p e n s t h e 

d o u bl e b o n d o n t h e m o n o m er, a n d tr a n sf er s t h e fr e e r a di c al t o t h e m o n o m er ( Fi g. 5 b). T h e n e w fr e e r a di c al m e et s a n ot h er m o n o m er 

a n d r e p e at s t h e pr o c e s s. T hi s pr o c e s s, c all e d pr o p a g ati o n, t ur n s m o n o m er s i nt o a gr o wi n g p ol y m er c h ai n ( Fi g. 5 c). T h e pr o c e s s of 

pr o p a g ati o n c a n al s o i n c or p or at e cr o s sli n k er s i nt o a gr o wi n g p ol y m er c h ai n. E a c h cr o s sli n k er i s bif u n cti o n al, a n d c a n b e i n c or p or at e d 

i nt o t w o gr o wi n g p ol y m er c h ai n s. W h e n t h e fr e e r a di c al s of t w o gr o wi n g p ol y m er c h ai n s m e et e a c h ot h er, t h e t w o fr e e r a di c al s r e a ct t o 

f or m a si n gl e p ol y m er c h ai n, a n d t h e gr o wt h of t h e p ol y m er c h ai n t er mi n at e s (Fi g. 5 d). W h e n I i s t o o l o w, a f e w l o n g p ol y m er c h ai n s 

f or m, b ut t h e r at e of p ol y m eri z ati o n i s l o w. W h e n I i s t o o hi g h, m a n y s h ort p ol y m er c h ai n s f or m. F or all h y dr o g el s st u di e d i n t hi s p a p er, 

w e fi x t h e p h ot oi niti at or-t o- cr o s sli n k er m ol ar r ati o t o I/ C = 0. 4. U n d er s u c h c o n diti o n s, e a c h p ol y m er c h ai n li k el y c o nt ai n s m ulti pl e 

cr o s sli n k er s. F or h y dr o g el s pr e p ar e d u si n g pr e c ur s or s of ot h er v al u e s of I/ C , s e e (Ki m et al., 2 0 2 1 ). 

2. 3.  M e c h a ni c al t est 

Aft er c uri n g, s o m e a s- pr e p ar e d h y dr o g el s w er e s u bj e ct t o t e n sil e t e st dir e ctl y, ot h er a s- pr e p ar e d h y dr o g el s w er e s u b m er g e d i n 

d ei o ni z e d w at er f or 2 2 h o ur s t o s w ell t o e q uili bri u m b ef or e t e n sil e t e st, a n d still ot h er s w er e s u b m er g e d i n d ei o ni z e d w at er t o i m bi b e 

v ari o u s a m o u nt s of w at er b ef or e b ei n g s u bj e ct t o t e n sil e t e st. T h e p ol y m er c o nt e nt of e a c h h y dr o g el aft er s w elli n g w a s d et er mi n e d b y 

m e a s uri n g t h e m a s s of t h e a s- pr e p ar e d a n d t h e s w oll e n h y dr o g el s. 

S a m pl e s  of  t h e  h y dr o g el s  w er e  c ut  i nt o  d u m b b ell  s h a p e s  u si n g  a  m et alli c  c utt er.  T h e  str e s s- str et c h  c ur v e  of  e a c h  s a m pl e  w a s 

m e a s ur e d u si n g a t e n sil e m a c hi n e (I n str o n 5 9 6 6; 1 0 0 N l o a d c ell). T h e cr o s s h e a d v el o cit y w a s 2 0 c m / mi n. F or t h e p ol y a cr yl a mi d e 

h y dr o g el s st u di e d h er e, t h e str e s s- str et c h c ur v e s ar e i n s e n siti v e t o str et c h r at e ( Ki m et al., 2 0 2 1 ). T h e f or c e a n d ti m e w er e r e c or d e d b y 

t h e t e n sil e m a c hi n e. T o o bt ai n t h e di s pl a c e m e nt, t w o p oi nt s s e p ar at e d b y a l e n gt h of 2 c m i n t h e str ai g ht r e gi o n of t h e d u m b b ell s a m pl e 

w er e m ar k e d b y a p e n a n d a c a m er a w a s u s e d t o tr a c k t h e di s pl a c e m e nt of t h e m ar k s a s a f u n cti o n of ti m e b y a vi d e o. T o e n s ur e t h e 

Fi g. 5. St e p s of fr e e r a di c al p ol y m eri z ati o n. ( a) F or m ati o n of fr e e r a di c al s. ( b) R a di c al r e a cti o n wit h a m o n o m er. ( c) Pr o p a g ati o n. ( d) T er mi n ati o n.  

Y. W a n g et al.                                                                                                                                                                                                          
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a c c ur a c y,  f or  e a c h  c o m p o siti o n,  di s pl a c e m e nt-ti m e  r el ati o n s  of  t hr e e  s a m pl e s  o n  a v er a g e  w er e  u s e d  t o  d et er mi n e  t h e 

f or c e- di s pl a c e m e nt c ur v e. N o mi n al str e s s w a s d e fi n e d a s t h e f or c e di vi d e d b y t h e cr o s s- s e cti o n al ar e a of t h e u n d ef or m e d s a m pl e. 

Str et c h w a s d e fl n e d a s t h e l e n gt h of t h e d ef or m e d s a m pl e di vi d e d b y t h e l e n gt h of t h e u n d ef or m e d s a m pl e. 

3.  Eff e ct of c r o s sli n k s o n a s- p r e p a r e d h y d r o g el 

F or h y dr o g el s of s eri e s i, w e pr e p ar e s a m pl e s u si n g pr e c ur s or s of W = 2 2. 3 8 a n d v ari o u s v al u e s of C . W e c ut t h e s a m pl e s i nt o 

d u m b b ell  s h a p e s  fr o m  t h e  a s- pr e p ar e d  h y dr o g el s,  u ni a xi all y  p ull  t h e  s a m pl e s  t o  r u pt ur e,  a n d  m e a s ur e  t h e  str e s s- str et c h  c ur v e s 

(Fi g. 6 a). A s s h o w n i n t h e pr e vi o u s st u di e s, t h e str e s s- str et c h c ur v e s of t h e h y dr o g el s ar e i n s e n siti v e t o str et c h r at e ( H a s s a n et al., 2 0 2 2 ). 

I n t hi s w or k, w e fl x t h e str et c h r at e at 0. 1 7 s− 1 . H e r e w e r e p o rt n o mi n al str e s s, w hi c h i s t h e f or c e di vi d e d b y t h e cr o s s- s e cti o n al ar e a of 

u n d ef or m e d h y dr o g el. I n t h e lit er at ur e, tr u e str e s s i s al s o c o m m o nl y u s e d, w hi c h i s t h e f or c e di vi d e d b y t h e cr o s s- s e cti o n al ar e a of 

d ef or m e d h y dr o g el. H y dr o g el s a n d el a st o m er s ar e n e arl y i n c o m pr e s si bl e. U n d er u ni a xi al t e n si o n, t h e tr u e str e s s e q u al s t h e n o mi n al 

str e s s ti m e s t h e str et c h. 

Fi g. 6. Eff e ct of cr o s sli n k d e n sit y f or h y dr o g el s pr e p ar e d wit h a fl x e d w at er-t o- m o n o m er m ol ar r ati o W = 2 2. 3 8 a n d v ari o u s cr o s sli n k er-t o- m o n o m er 

m ol ar r ati o s C . T h e h y dr o g el s ar e t e st e d a s pr e p ar e d. ( a) Str e s s- str et c h c ur v e s u p t o r u pt ur e. ( b) El a sti c m o d ul u s. ( c) Str e n gt h. ( d) Str et c h a bilit y. ( e) 

W or k of fr a ct ur e. 

Y. W a n g et al.                                                                                                                                                                                                          
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For each sample, the slope of its stress-stretch curve at small stretch defines elastic modulus, the maximum stress defines strength, 
the maximum stretch defines stretchability, and the area under the stress-stretch curve defines the work of fracture. As C increases, 
elastic modulus increases (Fig. 6b), strength decreases (Fig. 6c), stretchability decreases (Fig. 6d), and work of fracture decreases 
(Fig. 6e). We next discuss our data in terms of a molecular picture. 

According to the theory of entropic elasticity, the shear modulus is 1/3NkT (Treloar, 1975). Here is the volume fraction of 
polymer, N is the number of polymer segments divided by the volume of dry polymer, and kT is the temperature in the unit of energy. 
The mass per AAm monomer unit is 1.18 10 25 kg, the density per AAm monomer unit is 1.13 103 kg/m3, so that the volume per 
AAm monomer unit is V 1.04 10 28 m3. For the hydrogels tested in the experiment, 0.14. As noted above, each polymer 
segment is assumed to have (2C) 1 monomer units on average. As an example, when C 1.2 10 3, N 2C/V 2.31 1025 m 3. 
Taking k 1.38 10 23 J/K and T 300 K, we estimate the elastic modulus E 3 3 1/3NkT 1.49 105 Pa. This estimated value 
is higher than the measured value, 3.89 104 Pa (Fig. 6b). Such discrepancy has been reported before (e.g., (Yang et al., 2019)). The 
estimation assumes that all polymer chains in the network carry stress, but not all polymer chains in a real network carry stress. 
Consequently, the estimated modulus is higher than the measured modulus. 

In a polyacrylamide hydrogel, monomer units are linked by covalent bonds to form polymer chains, and polymer chains are 
crosslinked by covalent bonds to form a polymer network. When the polymer network is stretched to rupture, some covalent bonds 
must break. By a perfect polymer network we mean that all monomer units are bound into the network, all polymer chains have the 
same lengths, and all polymer chains are oriented to the same direction near rupture. When such a perfect network is stretched, all 
polymer chains carry the same stress and rupture simultaneously. Consequently, the strength of the perfect network is comparable to 
the strength of covalent bonds. The energy per covalent bond is on the order of eV 1.6 10 19 J. The elongation of a covalent bond at 
rupture is on the order of 10 10 m. Consequently, the force to break a covalent bond is on the order of f 10 9 N. This order of 
magnitude is consistent with both atomic simulation (Beyer, 2000) and experimental measurement using atomic force microscope 
(Grandbois et al., 1999). The cross-sectional area per monomer unit is on the order of b2, where b ~ 10 9 m is the length of a monomer 
unit. Thus, the strength of a perfect polymer network is on the order of f/b2 ~ 109 Pa. 

A real polymer network, however, is imperfect: not all monomer units are bound into the network, polymer chains have different 
lengths, and polymer chains are oriented to different directions. When a real network is stretched, some polymer chains carry higher 
stress than others. Just before the network ruptures into two halves, only a small fraction of the polymer chains across the fracture 
plane carry the high stress near the covalent bond strength. The majority of the polymer chains carry stresses much below the covalent 
bond strength. Assume that nearly all monomer units carry the force according to entropic elasticity. The entropic force per monomer 
unit scales as kT/b, so that the entropic stress scales as kT/b3. Considering the polymer volume fraction, , gives the entropic stress in a 
real network by 1/3kT/b3. Taking kT ~ 10 21 J, b ~ 10 9 m, and ~ 10 1, we estimate that the strength of a real network is on the 
order of 105 Pa, which is comparable to the measured strength (Fig. 6c). The commonly reported strength of polymer networks are in 
the range of 104 - 107 Pa (Gong et al., 2003; Hua et al., 2021; Sakai et al., 2010, 2008; Yang et al., 2019). To strengthen a polymer 
network, one must deconcentrate stress, so that more monomer units across the putative fracture plane carry high stress near rupture. 

The measured strength is much lower than the strength of covalent bonds. This large difference indicates that most polymer chains 
are entropic when a few polymer chains break covalent bonds. Our data affirm that the strength of a real network is on the same order 
of magnitude as that predicted under the assumption that near breaking point most chains are still entropic. 

It has long been reported that the strength of a polymer network is not a monotonic function of the crosslink density. When the 
crosslink density is low, the strength increases as the crosslink density increases. This behavior is caused by the incomplete formation 
of the network when the crosslinks are too sparse. For a given W, a critical C exists, below which the hydrogel does not form an elastic 
network and is squishy. Unless otherwise noted, hydrogels in this work are prepared using C above the critical value. For W 22.38, 
the critical value is C ~ 10 4. 

When the crosslink density is above the critical value, an elastic network is formed, and the strength of the polymer network 
decreases as the crosslink density increases. All our reported data are in this regime (Fig. 6c). The molecular origins of this behavior 
have been speculated by many previous authors. When crosslinks are dense, the polymer segments are short, so that the orientations of 
stretched chains are restricted by the low mobility of the chains (Flory et al., 1949) and the short segments are under critically high 
stress due to prestretch (Kothari et al., 2018; Wagner et al., 2022). Also, as the crosslink density increases, the fraction of polymer chain 
loops increases, which do not bear load (Tonelli, 1974). We understand this trend as follows. As noted before, a low value of C gives a 
polymer network of longer polymer segments. Also note that water has a low viscosity, so that the friction between polymer segments 
is low. Consequently, just before a polymer segment ruptures, all monomer units on the segment carry a stress near the covalent bond 
strength. A long polymer segment deconcentrates stress. 

We move on to the observed stretchbility. Each polymer segment has (2C) 1 monomer units and length of each monomer unit is b. 
Before a polymer segment is stretched, according to the random-walk model, the end-to-end distance of the polymer segment is b 
(2C) 1/2 (Rubinstein and Colby, 2003). When the polymer segment is fully stretched, the end-to-end distance of the polymer segment is 
b(2C) 1. As a result, the stretchability of a perfect network is (2C) 1/2. When C 1.2 10 3, the stretchability of a perfect network is 
20.41, which is about three times of the measured stretchability (Fig. 6d). As mentioned above, when a real network is stretched near 
rupture, only a small fraction of polymer chains are fully stretched. It is unsurprising that the real network has a much reduced 
stretchability than a perfect network. 

For a perfect polymer network, the work of fracture is the density of covalent energy w, which is the covalent energy eV ~ 10 19 J 
divided by the volume per monomer V ~ 10 28 m3. Consequently, the work of fracture of a perfect network is w ~ 109 J/m3, which is 
three to four orders of magnitude higher than the measured work of fracture (Fig. 6e). This difference is consistent with the much 
reduced strength and stretchability. 

Y. Wang et al.                                                                                                                                                                                                          
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( c a pti o n o n n e xt p a g e ) 
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4.  Eff e ct of c r o s sli n k s o n f ull y s w oll e n h y d r o g el of d e n s e e nt a n gl e m e nt s 

F or h y dr o g el s of s eri e s ii, w e pr e p ar e s a m pl e s u si n g pr e c ur s or s of W = 2 a n d v ari o u s v al u e s of C . A s W of t h e pr e c ur s or s i s s m all, t h e 

cr o w d e d m o n o m er s i n t h e pr e c ur s or r e s ult i n p ol y m er n et w or k s of d e n s e e nt a n gl e m e nt s ( Ki m et al., 2 0 2 1 ). T h e a s- pr e p ar e d h y dr o g el s 

ar e s u b m er g e d i n w at er t o s w ell t o e q uili bri u m. D uri n g s w elli n g, t h e cr o s sli n k s k e e p t h e t o p ol o g y of t h e n et w or k i n v ari a nt, s o t h at t h e 

e nt a n gl e m e nt s i n t h e n et w or k p er si st aft er s w elli n g. 

Fi g. 7. Eff e ct of cr o s sli n k d e n sit y f or h y dr o g el s pr e p ar e d wit h a fi x e d W = 2 a n d v ari o u s C . T h e a s- pr e p ar e d h y dr o g el s ar e s u b m er g e d i n w at er t o 

s w ell t o e q uili bri u m. ( a) T h e p ol y m er c o nt e nt i n f ull y s w oll e n h y dr o g el s. T h e f ull y s w oll e n h y dr o g el s ar e s u bj e ct t o t h e u ni a xi al t e n sil e t e st. ( b) 

Str e s s- str et c h c ur v e u p t o r u pt ur e. ( c) El a sti c m o d ul u s. ( d) Str e n gt h. ( e) Str et c h a bilit y. (f) W or k of fr a ct ur e. U n d er v ari o u s a m plit u d e s of str et c h, 

l o a di n g- u nl o a di n g c ur v e s of h y dr o g el s pr e p ar e d wit h ( g) C = 1. 2 × 1 0 − 5 a n d wit h ( h) C = 1. 2 × 1 0 − 3 . 

Fi g. 8. Eff e ct of w at er c o nt e nt f or h y dr o g el s pr e p ar e d wit h fl x e d C = 6 × 1 0 − 4 a n d v a ri o u s W . T h e a s- pr e p ar e d h y dr o g el s ar e s u b m er g e d i n w at er t o 

s w ell t o e q uili bri u m. T h e f ull y s w oll e n h y dr o g el s ar e c h ar a ct eri z e d b y v ari o u s pr o p erti e s. ( a) P ol y m er c o nt e nt. ( b) Str e s s- str et c h c ur v e u p t o r u pt ur e. 

( c) El a sti c m o d ul u s. ( d) Str e n gt h. ( e) Str et c h a bilit y. (f) W or k of fr a ct ur e. 
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For such fully swollen hydrogels, we first determine the polymer content by measuring the mass of as-prepared and fully swollen 
hydrogels. In the testing range of C, a plateau of polymer content of ~15 wt% is observed (Fig. 7a). These results show that the dense 
entanglements maintain the polymer content of the fully swollen hydrogels. 

Next, we cut the samples into dumbbell shapes from the fully swollen hydrogels, uniaxially pull the samples to rupture, and 
measure the stress-stretch curves (Fig. 7b). As C increases, the elastic modulus increases and then plateaus (Fig. 7c), the strength 
increases to a maximum and then decreases (Fig. 7d), the stretchability increases to a maximum and then decreases (Fig. 7e), and the 
work of fracture increases to a maximum and then decreases (Fig. 7f). We interpret our data as follows. 

To ensure the hydrogels are well formed, C needs to be larger than a critical value. For W 2, when C 10 5, the elastic modulus is 
small, indicating that the formation of the hydrogel is incomplete; when C 10 5, a plateau of elastic modulus is observed (Fig. 7c), 
indicating that the density of entanglements is much higher than the density of crosslinks in the range of C tested. The density of 
entanglements, estimated by the plateau of modulus, has recently been reported to be ~102 entanglements per polymer segment (Kim 
et al., 2021). As a result, the dense entanglements maintain the modulus of the fully swollen hydrogels. 

The measured strength is again a non-monotonic function of crosslink density (Fig. 7d). This trend has long been reported in 
elastomers (Flory et al., 1949; Taylor and Darin, 1955). For the hydrogels tested in our experiment, when C 10 5, the strength is 
small due to the incomplete network formation of the hydrogel; when C 10 5, the strength decreases as C increases (Fig. 7d). 

Observe again that the strength of well-formed hydrogels decreases as the crosslink density increases. We have noted above that a 
polymer network of low C has long polymer segments, and long polymer segments deconcentrate stress, giving the polymer network a 
high strength. In a polyacrylamide hydrogel, abundant water molecules lubricate the polymer segments, so that the highly entangled 
hydrogel has near-perfect elasticity (Kim et al., 2021). Furthermore, the measured toughness of a hydrogel increases with average 
length of polymer segments (Kim et al., 2021). These observations indicate that the entanglements slip readily, so that high tension is 
transmitted along the entire length of each polymer segment. Consequently, dense crosslinks lower strength, but dense entanglements 
do not. By contrast, both dense crosslinks and dense entanglements increase modulus. 

The measured stretchability and work of fracture are also non-monotonic functions of crosslink density (Fig. 7e and f). Similar to 
the measured strength, when C 10 5, the stretchability and work of fracture are small due to the incomplete network formation of 
the hydrogel; when C 10 5, the stretchability and work of fracture decrease as C increases. 

It is noted that the measured strength, stretchability, and work of fracture of the fully swollen hydrogels are much smaller than the 
theoretical values. It corroborates that when a real polymer network is stretched near rupture, most polymer chains are entropic and 
only a small fraction of polymer chains are fully stretched. 

We also cyclically stretch the hydrogels of C 1.2 10 5 and C 1.2 10 3 to various amplitudes and measure the loading- 
unloading curves (Fig. 7g and 7h). The fully swollen hydrogels exhibit near-perfect elasticity and have negligible hysteresis. 

5. Effect of water content in precursor on fully swollen hydrogel 

For hydrogels of series iii, we prepare samples using precursors of C 6 10 4 and various values of W. The as-prepared samples 
are submerged in water to swell to equilibrium. 

The polymer content of the fully swollen hydrogels increases as W decreases (Fig. 8a). The observation is understood as follows. In a 
precursor of a small water-to-monomer molar ratio W, the monomers are crowded, resulting in an as-prepared hydrogel of a highly 
entangled polymer network. By contrast, in a precursor of a large water-to-monomer molar ratio W, the monomers are sparse, resulting 
in an as-prepared hydrogel of a sparsely entangled polymer network. In either case, when the as-prepared hydrogel is submerged in 
water to swell to equilibrium, the crosslinks prevent polymer chains from disentangling, so that swelling keeps the number of 
entanglement per polymer segment invariant. Consequently, a precursor of larger value of W results in fewer entanglements in the as- 
prepared hydrogel, and a lower polymer content in the swollen hydrogel. So far as swelling is concerned, entanglements function as 
crosslinks. More entanglements restrain the network more, leading to less swelling. 

We then cut the samples into dumbbell shapes from the fully swollen hydrogels, uniaxially pull the samples to rupture, and measure 
the stress-stretch curves (Fig. 8b). As W increases, the elastic modulus decreases (Fig. 8c), the strength decreases (Fig. 8d), and the 
stretchability increases (Fig. 8e). The work of fracture is not a monotonic function of W (Fig. 8f). So far as modulus is concerned, 
entanglements also function as crosslinks. More entanglements restrain the network more, stiffening the network. 

The effect of W on strength is less straightforward. So far as strength is concerned, entanglements do not exactly function as 
crosslinks. The as-prepared hydrogels (series i) have shown that, for a fixed polymer content, strength decreases as the crosslink 
density increases (Fig. 6c). For fully swollen hydrogels (series ii), the polymer content is nearly constant, independent of crosslink 
density (Fig. 7a), but the strength decreases as the crosslink density increases (Fig. 7d). For fully swollen samples (series iii), the 
polymer content and strength both decrease as W increases (Fig. 8a and 8d). However, a precursor of larger value of W results in a 
hydrogel of fewer entanglements. In this case, fewer entanglements does not lead to higher strength. As W increases, the polymer 
content decreases, so that the strength decreases. As W increases, the number of entanglements per polymer segment decreases, so that 
the stretchability increases. With the increasing of W, the strength decreases and the stretchability increases. Consequently, the effect 
of W on the work of fracture is not distinct. 

For hydrogels prepared with precursors of sparse monomers, there is a conflict between modulus and strength (Fig. 6b and 6c). By 
contrast, for hydrogels prepared using precursors of concentrated monomers, modulus and strength can be both increased (Fig. 8c and 
8d). 
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6.  Eff e ct of w at e r c o nt e nt i n p r e c u r s o r o n h y d r o g el s w oll e n t o c e rt ai n d e g r e e 

F or h y dr o g el s of s eri e s i v, w e pr e p ar e s a m pl e s u si n g pr e c ur s or s of C = 6 × 1 0 − 4 a n d v a ri o u s v al u e s of W . T h e a s- pr e p ar e d s a m pl e s 

ar e s u b m er g e d i n w at er t o s w ell t o c ert ai n d e gr e e s, s o t h at t h e p ol y m er c o nt e nt of t h e s w oll e n s a m pl e s i s si mil ar. Aft er i m bi bi n g 

diff er e nt a m o u nt s of w at er, t h e s w oll e n h y dr o g el s pr e p ar e d wit h v ari o u s v al u e s of W h a v e a si mil ar p ol y m er c o nt e nt of ~ 1 5 wt %. T h e 

s a m pl e s ar e h o m o g e ni z e d i n a pl a sti c b a g o v er ni g ht at r o o m t e m p er at ur e. W e c h o o s e t h e v al u e of 1 5 wt % o n t h e b a si s of t h e f oll o wi n g 

c o n si d er ati o n s. T h e p ol y m er c o nt e nt of t h e a s- pr e p ar e d h y dr o g el of W = 2 2. 3 8 i s 1 5 wt %, a n d t h at of t h e f ull y s w oll e n h y dr o g el of W =

2 i s cl o s e t o 1 5 wt % ( Fi g. 7 a). T o u s e s a m pl e s pr e p ar e d wit h pr e c ur s or s of W = 2, t h e p ol y m er c o nt e nt of t h e s w oll e n h y dr o g el c a n n ot b e 

b el o w 1 5 wt %. T o u s e s a m pl e s pr e p ar e d wit h pr e c ur s or s of W = 2 2. 3 8, t h e p ol y m er c o nt e nt of t h e s w oll e n h y dr o g el c a n n ot b e b e y o n d 

1 5 wt %. C o n s e q u e ntl y, t h e t ar g et of 1 5 wt % c a n u s e t h e e ntir e r a n g e of W t h at c a n b e u s e d i n t h e e x p eri m e nt of s eri e s i v. 

T h e str e s s- str et c h c ur v e s ar e m e a s ur e d f or s a m pl e s pr e p ar e d wit h pr e c ur s or s of f o ur v al u e s of W (Fi g. 9 a). A s W i n cr e a s e s, t h e el a sti c 

m o d ul u s d e cr e a s e s ( Fi g. 9 b), t h e str e n gt h i s n e arl y c o n st a nt ( Fi g. 9 c), t h e str et c h a bilit y i n cr e a s e s ( Fi g. 9 d), a n d t h e w or k of fr a ct ur e 

Fi g. 9. Eff e ct of w at er c o nt e nt f or h y dr o g el s pr e p ar e d wit h fi x e d C = 6 × 1 0 − 4 a n d v a ri o u s W . T h e h y dr o g el s ar e t e st e d aft er b ei n g m a d e t o i m bi b e 

v ari o u s a m o u nt s of w at er t o h a v e si mil ar p ol y m er c o nt e nt of ~ 1 5 wt %. ( a) Str e s s- str et c h c ur v e u p t o r u pt ur e. ( b) El a sti c m o d ul u s. ( c) Str e n gt h. ( d) 

Str et c h a bilit y. ( e) W or k of fr a ct ur e. 
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i n cr e a s e s (Fi g. 9 e). 

W e i d e ntif y t w o eff e ct s of W o n m o d ul u s: e nt a n gl e m e nt a n d pr e str et c h. W e h a v e di s c u s s e d t h e eff e ct of e nt a n gl e m e nt o n m o d ul u s 

b ef or e. A pr e c ur s or of a l ar g er v al u e of W r e s ult s i n a h y dr o g el of f e w er e nt a n gl e m e nt s p er p ol y m er s e g m e nt, a n d t h er ef or e a l o w er 

m o d ul u s. F or a h y dr o g el pr e p ar e d u si n g a pr e c ur s or of l o w W , aft er i m bi bi n g a s m all a m o u nt of w at er, s o m e e nt a n gl e m e nt s m a y n ot 

c arr y l o a d w h e n str et c h i s s m all. U n d er t h e s e cir c u m st a n c e s, it i s u n c ert ai n h o w eff e cti v e e nt a n gl e m e nt s c o ntri b ut e t o m o d ul u s. T h e 

eff e ct of pr e str et c h o n m o d ul u s i s u n d er st o o d a s f oll o w s. W h e n t h e pr e c ur s or h a s a l ar g er v al u e of W , t h e a s- pr e p ar e d h y dr o g el m u st 

i m bi b e l e s s w at er t o b e c o m e a h y dr o g el of a p ol y m er c o nt e nt of 1 5 wt %, s o t h at t h e p ol y m er c h ai n s i n t h e s w oll e n h y dr o g el ar e l e s s 

pr e str et c h e d b ef or e m e c h a ni c al t e st. B e c a u s e t h e p ol y m er c h ai n s ar e e ntr o pi c, f or t h e h y dr o g el s of si mil ar p ol y m er c o nt e nt, a h y dr o g el 

of l e s s pr e str et c h e d p ol y m er c h ai n s h a s a l o w er m o d ul u s. B ot h eff e ct s of e nt a n gl e m e nt a n d pr e str et c h l e a d t o t h e o b s er v e d tr e n d t h at 

t h e m o d ul u s of t h e h y dr o g el i s l o w w h e n W of a pr e c ur s or i s hi g h. At t hi s writi n g, w e h a v e n ot f o u n d a n e x p eri m e nt al m e a n s t o 

p artiti o n t h e c o ntri b uti o n s d u e t o t h e s e t w o eff e ct s. 

A pr e c ur s or of l ar g er v al u e of W pr o d u c e s a h y dr o g el of f e w er e nt a n gl e m e nt s a n d s m all er pr e str et c h. B ot h eff e ct s i n cr e a s e t h e 

str et c h a bilit y. A s W i n cr e a s e s, str e n gt h i s n e arl y c o n st a nt, b ut str et c h a bilit y i n cr e a s e s, s o t h at t h e w or k of fr a ct ur e al s o i n cr e a s e s. 

N ot e t h at t h e str e n gt h i s n e arl y c o n st a nt, i n d e p e n d e nt of t h e v al u e of W of t h e pr e c ur s or ( Fi g. 9 c). W e n e xt c o m p ar e h y dr o g el s 

pr e p ar e d u n d er v ari o u s c o n diti o n s t h at l e a d t o a si mil ar p ol y m er c o nt e nt, cl o s e t o 1 5 wt %. T h e h y dr o g el s pr e p ar e d wit h t h e pr e c ur s or s 

of W = 2, aft er b ei n g s u b m er g e d i n w at er t o s w ell t o e q uili bri u m, h a v e a si mil ar p ol y m er c o nt e nt of 1 5 wt % ( Fi g. 7 a). T h e h y dr o g el s 

pr e p ar e d wit h t h e pr e c ur s or s of W = 2 2. 3 8 h a v e a p ol y m er c o nt e nt of 1 5 wt %, a n d t h eir str e n gt h s ar e m e a s ur e d a s pr e p ar e d. T h e 

h y dr o g el s pr e p ar e d wit h pr e c ur s or s of i nt er m e di at e v al u e s of W ar e s u b m er g e d i n w at er t o s w ell t o a p ol y m er c o nt e nt of 1 5 wt %. T h e s e 

d at a i n di c at e t h at, s o l o n g a s t h e p ol y m er c o nt e nt i s si mil ar, t h e str e n gt h i s s e n siti v e t o t h e cr o s sli n k er-t o- m o n o m er m ol ar r ati o C , b ut i s 

i n s e n siti v e t o t h e w at er-t o- m o n o m er m ol ar r ati o W (Fi g. 1 0 ). T hi s pi ct ur e c o n fir m s o ur m ol e c ul ar pi ct ur e. L o n g p ol y m er s e g m e nt s 

d e c o n c e ntr at e str e s s, l e a di n g t o a p ol y m er n et w or k of hi g h str e n gt h. E nt a n gl e m e nt s d o n ot i m p e d e t h e tr a n s mi s si o n of hi g h str e s s al o n g 

a l o n g p ol y m er s e g m e nt, a n d d o n ot l o w er t h e str e n gt h of t h e n et w or k. E nt a n gl e m e nt s, h o w e v er, r e str ai n t h e p ol y m er n et w or k of l o n g 

p ol y m er s e g m e nt s fr o m e x c e s si v e s w elli n g. 

7.  C o n cl u si o n 

W e c h ar a ct eri z e t h e str e s s- str et c h c ur v e of a p ol y a cr yl a mi d e h y dr o g el b y f o ur pr o p erti e s: m o d ul u s, str e n gt h, str et c h a bilit y, a n d 

w or k of fr a ct ur e. E a c h pr o p ert y d e p e n d s o n v ari o u s s y nt h e si s p ar a m et er s, i n cl u di n g t h e cr o s sli n k er-t o- m o n o m er m ol ar r ati o C of t h e 

pr e c ur s or, t h e w at er-t o- m o n o m er m ol ar r ati o W of t h e pr e c ur s or, a n d t h e p ol y m er c o nt e nt ϕ of t h e h y dr o g el. T h e m a p fr o m t h e s p a c e of 

s y nt h e si s p ar a m et er s t o t h e s p a c e of pr o p erti e s i s c o m pl e x. W e e x pl or e t hi s m a p al o n g a f e w p at h s i n t h e s p a c e of s y nt h e si s p ar a m et er s. 

F or w ell-f or m e d h y dr o g el s, w h e n W i s fl x e d, t h e str e n gt h of b ot h a s- pr e p ar e d a n d f ull y- s w oll e n h y dr o g el s i n cr e a s e s a s C d e cr e a s e s; 

w h e n C i s fl x e d, t h e str e n gt h i n cr e a s e s a s W d e cr e a s e s; w h e n p ol y m er c o nt e nt i s si mil ar, t h e str e n gt h i s s e n siti v e t o C , b ut i s i n s e n siti v e 

t o W . W e i nt er pr et t h e s e e x p eri m e nt al fl n di n g s i n t er m s of t h e m ol e c ul ar pi ct ur e of a n e ntr o pi c p ol y m er n et w or k of c o v al e nt b o n d s. T h e 

a v er a g e l e n gt h of p ol y m er s e g m e nt s i s s et b y C , a n d t h e a v er a g e n u m b er of e nt a n gl e m e nt p er p ol y m er s e g m e nt i s s et b y W . A n et w or k 

of l o n g p ol y m er s e g m e nt s h a s hi g h str e n gt h b e c a u s e l o n g p ol y m er s e g m e nt s d e c o n c e ntr at e str e s s. E nt a n gl e m e nt s d o n ot i m p e d e t h e 

Fi g. 1 0. H y dr o g el s ar e pr e p ar e d u n d er s e v er al c o n diti o n s, b ut all h a v e si mil ar p ol y m er c o nt e nt of ~ 1 5 wt % w h e n t h e str e n gt h i s m e a s ur e d.  
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transmission of high stress along the long polymer segments, and therefore do not lower the strength of the polymer network. En
tanglements, however, do restrain a network of long polymer segments from excessive swelling. These findings call for further study of 
synthesis-property relations of hydrogels. 
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