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Section I — Symbols used in the text

0 - homogeneous line width of EPR spectrum
A - inhomogeneous breadth of EPR spectrum

o, - strength of the microwave irradiation field
®,, - microwave irradiation frequency

Wy - Larmor frequency of electron i

o, , - nuclear Larmor frequency
Y, - €lectron gyromagnetic ratio
Y, - nuclear gyromagnetic ratio

B, - static magnetic field
Section II - Commutator relations (Eq.44)

1) M, commutes with both S, I and S, _S,_since

1
S ]z = Z(EMZ - EMA)

Az
1 (s1)
S.5,. = Z(Esz — By EMA)
2) From the definitions in Table 1, it follows that
SiSy. =S878F (51, +85,)=0 (S2)
Therefore,
My Ss, =3(SAT™ +S517)Ss, =0 (S3)
3) Based on the results of Eq. S3, it also follows that
(M, .S 1.]=M_S.I.~S.I.M_=0 (54)
[Ma Eqsl 1= Mp Egsl, —Eqsl My, =4(M S3.1, —SE.1,M,,)=0 (S5)

4) Going back to the definitions in Table 1, the following commutator relation can also be
obtained:

[M . M5, 1= 5 [SAL™ +Sx17,Sp, + Egpl,]
= %(—SXI_ +SA I T+ ST =S IT) (S6)
=0.
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Section III — The CE Microwave Hamiltonian in the EBS

To obtain the effective microwave excitations for DNP, the microwave
Hamiltonian H,, =2®,,(S, +S, )cos(w, ) for the two electrons needs to be

transformed from the PSB to the EBS using the unitary transformations U ¢ (Eq. 33) and
U : (Eq.45):

A, =20 cos(w,1)-UU(S, +S,)U; U (S7=51)

First, we evaluate the effect of U o which is given by the following expression:

Uy = expliCoSp I ™ +ipSa,1P1, (S8 =33)

Let, Uy = ey = exp[ 0(S{"S; —S1 S5)], where ¢ represents £, or {5 in Eq. S8.
Then,

UyS1.Us" =U (S, +Sa U5
:SZZ +SAZ COS(D—SAX Sin¢ (89)
:%(Slz +S2z)+%(Slz _SZZ)COS(I)_%(S;—SZ_ +S1_S;)Sin¢’

UySitU," =St +%(2SIZS§L)+(%)2 %(—S{')+(g)3 L(-28,.87)+... 10

=Sy cos%+2S12S£r sin%,

U,SiUG" =87 +§(2S12S2—)+(g)2 %(—S;)+(§)3 1(-28,.87)+... i)

=S cos%+2Sle2_ sin%

Similarly,
UpS2.Uy' =Uy(S5. = Sa U

:SZZ_SAZ COS¢+SAxSin¢ (Sl2)
=181, +82.) — (S, = 5. )cos 0+ L (ST S5 + 5757 )sin g,

UypS3UG" =87 +2(-2878,.)+ (D) L(=S9) + ()’ L2578, +.. -

=57 cos2 255, sin?,
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UypS7U5" =87 +2(-2878,.)+ (D)7 L(=5)+()* L2857 S2.) +... 1o

=85 cos?-257S,_sin?,

Combining these results, leads to Eq. 52:
Hyr =Uc(Sx +S2x)UC_1

=8,(* cos%°‘+1B cosc—zﬁ)+2S12S2x([°° sin%“‘+[B sin%ﬁ)

+S, . (I* cos%"‘+1B cosc—zﬁ)—2S1xS22(1“ sin%"‘+]B sing—zﬁ) (S15=52)
:%(Slx +S2x)(COL +CB)+(S1x +S2x)lz(coc _CB)
+(Sle2x _SleZZ)(Soc +SB)+2(S12S2x _SleZZ)[z(SOL _SB)a

Cq =cos%",cﬁ =cosc7ﬁ,sOC =sin%",s5 =sin%. (S16 =53)

Next, we evaluate the effect of U £ which is given in Eq.45, i.e.

Ug =expl[iEM ], (S17 = 45)

Let U, = ™My = exp[%x(Sf"Sz_I_ — S; S5 17)], where y represents & in Eq. 45. Then
we can derive the following intermediate expressions:
-1 -1 -1
=FE¢l, +Ms, —M,, cosy+M,, siny
:%Slz_%s2z+%lz+slzs2212 (818)
_(%Slz _%SZZ _%SZZ +S12S2212)COSX
+3(S{ Sy 1™ + 878517 )siny,
—1 — 2 —
UJ U =T +2(28781,)+ (%) L (G T +28,8,.17)
+(3) @SS 1)+ B G 25,85, +.. 519)
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U, 17U =1 +2(=2857851,)+ (%) LG~ +25,,8,.17)
+ELESTSTL)+ &) LT =288, 1) +..

117 +28,.8,.1"
+(51

T —28),85,1 7 )cosk —2857 871, sin%.

Further,
-1 -1
=S8y, + Ms, + M), cosy— My, siny
:%Slz +%SZZ +%Iz _SIZSZZIZ
(381, =582, =482, + 81,851, )cosy
— (S S317 +57 8, IT)siny,

U,StUL =87 +225,. 851 +3)? LGS -25(8,.1.)

+(§) %= —-28.,851° )+( ) 4, 251 +2818,,1.)+...

:%Sl —251 So.1;

+(3 S +2878,,1,)cos % +28,,851" sin%,

UySiUL = ST +4(281.8517)+(%)* 3(3 ST =257 S2.1,)

+(2) L2881+ &) LA ST +287 8, 1) +...

=18 =257 85,1,
+(1 87 +28578,,1,)cos% 428,851 sin.
Finally,
-1 -1
UXSZZUX :UX(SZZ _MEZ _MAZ)UX
=Ss, =My, — M/, cosy+ M,, siny
:%Slz +%S2z _%]z +S12S22]z
_(%Slz _%S2z _%SZZ +Sle2z]z)COSX
+2(Sy Sy 1™ + 878517 )siny.
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U,S3U," =S5 +2(=2578,,17)+(%)* L(5 S5 +25,,851,)
+(%’ L8!S, 1)+ B LA ST -28,85 1) +...

(S25)
=185 +28,851,
+(387 -285,8,1,)cos% —2878,,1" sin%,
U,S;Uy" =585 +l(—2stzzl+>+<l)2 LGSy +28,,851,)
+(%) 52878, 17 )+ (% ) (582 —281,851,)+...
(S26)

:%Sz +2S12S2 z
+(385 —25,8,1,)cos% -28578,, " sin%

Before we use the expressions above (Eq. S18 to S26), it is convenient to rewrite . (Eq.

52, S15) taking advantage of the following commutator relation:
[MAyﬂSlz]z] = [MAy’SleZZ] = [MAy9S2ZIz] =0,

. . (S27 =54)
Slx :_21S1ySlzﬁ Szx :_2ZSZyS22'
The new, more convenient form of A 1, 18 therefore,
Hyp =5 (co +ep)( Sty +S2,) = 2i(co = cp)(Sty Szl +53,82.1)
2 e TR o PRy 4 (S28 = 55)

+2i(soc +S|3)(S1y _S2y)Sle22 _2(S0c _SB)(SIXSZZIZ _SZxSIZIZ)'

Now, we can evaluate the effect of the second unitary transformation U g
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UeH yUg' = (co + )5Sy +82,) = (8182 = S1.82,)1.
[ (S1y +S2:) + (8145, _SIZSZx)Iz]COS%
+2[S1(S2 I+ 8317 )= (ST + Sl'l+)S22]sin%}
+3(Cq =Sy + 82, —(S1xS2. = S125,)
(81 + 852,012 +(81,82; _SleZx)]COS%
+ L (S3IT 48517+ S I+ 8571 )sin )
+5 (86, + (S + 8212 = (81,82, = 5155,
~[(S1y +S2.0)1 + (81,82, = 5155, )cos 3
~ (31T 8517+ S{ I+ 8571 )sing)
+ (5o = 58) g (Six +52) = (81,52, = 81282,)1,
—[£(S1y +82,) + (81,55, _SleZX)[z]COS%
LS (ST +S517)~ (ST 1™ +85717)S,. Isin 3.

(S29
=56)

The result of this transformation is 1 - For bookkeeping purposes, the operators in H M

can be grouped into six terms:

A, =20, cost, - (A, + B+ B+ B+ 75, + °) S
Hy =h(S,, +S5,.), h = 2[(co +p 56 —5p) +(Co +p =5 +sB)cos%] (S31)
Hyy =hy(Si,+S2)1,. Iy = 3l(co —cp+5q+55)+(c —cp 5 _SB)COS%] (532)

l

Hyy = h3(81,:82, = 81,82, iy =L [(—cq + g =56, =) +(co — =54 _SB)COSE]

24 (S33)
Hip = ha(51:82: = 51282010 hy =[(=¢q —Cp = Sq T5)+(Co +p—5q +SB)Cos%] (S34)
Ay =hs(STIT + 8517 +SF17+57TY), hs =1(cq —cp—5q —5p)sin 3 (835)
HSy = h[(ST1* +S717)S), ~(S7 1™+ 87175, . hg = L(eq +p 5o +sp)sing gy
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Section IV — Detailed expressions for the terms in Eq. 61

. - . D, A4V . D, A7
Frix _ 17 ga+qoya (@5t 2[ 7]+X)t - Qo yo + Qoo l(w052+7d+7+2) - Qo ya
H, =5h{S 'S 1% +8 8 %ce.+8,8 ["e +8,5 I"cc
D, Ay i 7
(g5t~ ( s
+87S7Pe " 2 2 4 4 S8 e+ 88 Pe T 2 2 4 1§18 Pec
D, 4 ¥ D, A4 7
(5~ == (B, ~—T+om=
+87SP%e ™ 2 2 4SS %ce+ S;SP 1% 2 2 4 48 S e
D, 4 7 D, 4, ¥
(Bpg ——L——+ B i@y, ——L—F+ )t a
+S7SPPe ™ 2 2 1 S 8P Pee+ 8788 e 2 2 4T 188 Pec )
. - D, 7 i, 7
YA L R R L L ) C MR R T
M_Zz{lz to, 0 et to,0, L cc
. D, A 7 D, 4 7
(@, +—+ 7477 (@, +—4 -2 "y,
—SrSerPe M 2 L5 S e~ SIS P 2 2 — 518 e
iy D, A ¥
i@y ! i(y5, ~—+ =)t
+8'8P1%e ™ 22 0SSP e+ 8]SPI%e T 22 4 188 e
i 7, D, A ¥
i(@ ————1 - (@, ——‘1——%7)1
L PN R o1 (PPt 1) L TR o 1
- - Dy A7 i P
B Lo R s, 55 pee @R _ggas
M_Z3{12 o cc.— T,9 L CC
. D, A4 ¥ D, 4 7
(@, +—L-L-") ) , L2 Ty B
+8rSerfe M L gese e~ srserPe M 2 L grs e
p, 4 7 D, i 7
( _74 i'_, ( _74 J_,)t 5
—S'SPrre ™ 2 2 4 5 S+ 888 % Tt 2 2 4+ SSP e
s Dk T Dy A 7
(@ ——2 =1 i, ——d——wf)z
_SrSPe T 2 PP+ 51SPIP T 2 s P
- - Dy AT Dy A 7
A = Ligsrseree ™ 2 g s st e - 51t M T _gogee
M§4{12 + ce.— T,9 L CC
. D, 4 7 D, 4 7
) +74_7._7 i@ —“——2—7): B
—S'SiPe ™ 2 2 4 — 88T Pec+ 878 Pe T 2 2 4+ S8 Pec
D, 4 7 4L 7
1By~ = i@y, ~—+—2=y
—S'SPrre ™ 2 2 4 8 S+ 880 % T 2 2 4+ S08P e
- D A7 Dy A 7
i(@yg ——L =Dt B i(®ys, ——d——ﬂrf)z 5
+87SPPe ™ 2 24T 1 S SP e~ SISPPe ™ 2 2 5 S e}
. D, . . D, . 4
T F i(d)osz+7‘1—d)0,+7‘)t e e o "(“305,*7[] "01—%)1 ot oo
H, =h{S I"S'e +8, 18 ce+S8'I"S)e +81'S)cc
. D, . i . D, . 4
i(@y g, ——L=@y, ——0)t o i@y~ + 2t ~
+877SPe ™ 2 2 4 ST SPec+STISPe T 2 2 ST SPec)
. A . D, . 4
T - i(@, "—LD +— 1yt o 3 (D), +—L+0,, ——2)t B
HS =1 SISt " 2 2 S S e~ STISTe T 2 M _ ST S e
s Dy - 512
i(® ——d—w (0, J 2
_sirsPe T S+ SIS ™ o " srSPecy
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Section V — Example 3 (Eq. 80 to 83)

Letting
:e”*_ oo a + 7+ -7\ o a (837:
HI =8 SyI* +18M(S; 1"+ 8,17 =S, I3, + S/, $0)
we obtain
[HT,S_+85,.] (S38
=—iS, Sy 1" = 1SH(S; 1" =S, 1), =81)
[H S TH S, +55.1]
=[HY, i8S, S51% +L8M(S31H - 8717)]
=[S1 I35 + 81 5,8y, 155 +iS1" [55,]
=i(S1, 13581, 155 + 8115587 sy + 87 151, Iox + 87 o5 ST Doy,
(S39
_Sly]gZSlx]gZ _SlngZSloLIZZx —Slalzzysulgz —Sfxlzzyslalzzx) — 82)

i 70 o lo- Lyt 1l gtlg— 4 QUi

=i(5S81:10x +581 57105 +5:81 3 1ox + 81 5105
—F o 1 co—1 7+ 1 o+ =1 17— o —

— 581210y =581 71s =581 57 hs =St 5 1os2)

_ A e T o

==S81: 1y +5S81 Ios +5 81 1rs = S1 Doy,

=—SPSST* +1SPsg 1 + LstsP P+ L(Sisy 1+ 5783,
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LS T Ly 5 + 55,71
[ —SSST +LSPSSI* + LSOSBIP + L(STSTI™ +S7STIT)]
=[Six 35 + S o =S1: 155 +3 ST Iys + 5.8 Iy = S{ 5, ]

= =81, 13581135 + 1,155 %Sl_[;z +S1x[§(z%51+[2_2 = 8115551 Iy,

— 81" 55,81 155 +Slalzzx%51_1;z +S1(1]2Zx%S1+[2_2 — 81" 55, S s,

+81, 15581, 155 _%SI_I;ZSlngZ —%Sflz_zslxlgz + 87 55, S1, 1 5x

_ _ (S40
+ 811358 oz =5 ST L3587 Iogy =5 ST xS\ I + S 5. S{' s, 2 83)
= L8155 + 5 S s +0— 4 ST 155
— 180 5y +0+ 587 155 + 587 s,
+L8),155 +0—287 Iy + 587 155
+ 580 5y =+ ST I35 +0+587 s,
= ZiSIngZ + 2iS1(x122y
= 2[iS), S5 1% + 1 S7 (S5 17 =83 17)).

Section VI — Example 4 (Eq. 89 to 92)
Letting
= ik o 41 =
H;{Z‘ = SIXSEIB +%S1(X(S;I+ +S21 ): Slx]gz +S1a]22xa (889)
we obtain

[H, .S, +S5.] (S42 =
=—iS,,SBIP —Ls*(S31% - 8517), 90)
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(A5 LH ) 812+ 5511
=[H], i8S, S0P + LSP(S3It - 8717)]

=[S, 15 + Sﬁlm,islylgz +iS{ 55, ]

:i(SlxIEzslylgz +SlxI§ZSI(XIZZy +Sl(xlzszlylgz +81" 55,7 Dy,

_Slylg}lslxlg): _Slalzmslxlgz _Slylgzslalzzx — 81" 55,87 5,

=i(55121§z — ST s + 481 s + 157 oy,
+%Slz1§z — =S 5y + Sy s + 48 )s.)
=8, 15 — S{'I 5.

—-5,S8P L5552t - shIP)

(AL A A S, + 5,0

M4 M4 M4°
S ag Qoo
=[H S SPIP + 187 (81" - SPIP)]

M4
=[S, 15 +81,, .S, 15 + 81, ]

1 72%x2 71z 2% 1 723z

=S I°S I’ +S 1081 +S*I,_S I? +S*I,_S*I

x72X71z7 2% x72X71 2%z 1 72X 71z I 72X 71 2%z

-S 158 15 -8*1_S If -8 10.8"1  —S°1, S’I

1z72X 7 1x 1 72371 1272271 2% 1 72371 72X

_ =i B -1B o i Qo
=28 A0 - 4STIE 18T — S0

2 471728 0 471722 271 2%y

_iS ]ﬁ _}_lS"']ﬂ lSOZI* _L‘Sal

2 71y 2% 4122_4122 271 7 2%y

=—Li§ I —L18%1

2 P1ytar T 2P oy

=—18 SIIP-1sH(Si 1" -81).

277 1yT2

Section VII — Experimental methods
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(S44 =

91)

(S45 =
92)

DNP experiments were performed at 211 MHz 'H Larmor frequency (140 GHz EPR
frequency) in a custom designed spectrometer (courtesy of D. J. Ruben, Francis Bitter
Magnet Laboratory, Massachusetts Institute of Technology, Cambridge, MA) equipped
with a home-built 4 mm low temperature MAS probe and a superconducting sweep coil.
The MW source was a custom built gyrotron capable of delivering 10 W of continuous-

wave MW irradiation. The samples contained 40 mM trityl (for the SE) or 10 mM



TOTAPOL (for the CE) dispersed in a glycerol-ds/D,O/H,0O (60:25:15 w/w/w) matrix,
also containing 2M "*C-urea. Experiments were performed at 90 K, in sapphire rotors,
/21 = 5 kHz. The enhanced 'H signal of the sample was used for recording the DNP
enhancement profiles and the enhancement was defined as the difference between the 'H

signals with MW on and off.
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