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EXPERIMENT

Photo-dissociation studies after excitation into the Q and Soret (B) bands, performed by ns-laser

pulses at the ion-storage ring ELISA [1]

Besides the impact of the ligand on the spectroscopic properties, we observe large differences
in the fragmentation behavior between the chla-TMA and the chla-formate complexes. The dif-
ferences are ascribed to different binding energy in the two Chla systems. A loosely bound system
may fragment after absorption of a single photon, whereas a tighter bound system may require
more photons to fragment and hence cause detectable action. Likewise, absorption of two or more
photons gives a much faster event (higher dissociation rate) than absorption of a single photon
does.

After excitation, the molecular system eventually relaxes by non-radiative decay channels into
a vibrationally hot electronic ground state. From there, the molecular system with high internal
energy undergoes fast intra-molecular energy redistribution followed by statistical fragmentation,
when ignoring slow radiative cooling [2].

In Fig. 1, the photofragment yield is shown as a function of time and of the laser-pulse energy
for both complexes after excitation into the Q and Soret bands (640-660 nm and 395-430 nm). For
the chla-TMA complex we observe prompt dissociation (red signal) as well as delayed dissocia-
tion over a time scale of several ms (blue signal). The chla-formate data show almost exclusively
prompt action. Prompt action is defined as fragmentation within the first 20 us (a quarter revolu-
tion time in the ring), whereas delayed action is associated with fragmentation from 40 s up to
several ms after photoabsorption.

The yield of delayed action nicely follows a Poisson distribution for single-photon absorption

(n=1). Prompt action, on the other hand, is caused by sequential multiphoton absorption which is
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in agreement with observations obtained in single-pass experiments [3].
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Figure 1. Photo-dissociation studies at the ELISA ion-storage ring

Histograms of neutral photo fragments as a function of time for the chla-TMA complex (a,c) and for the

chla-HCOO™ complex (b,d) after excitation into the Soret band (a,b) and the Q band (c,d) by ns laser pulses

in the storage ring ELISA. The shadowed grey area represents the background fragmentation, induced

by collision with the rest gas in the storage ring. The fitting of the fragmentation yield as a function of

laser-pulse energy was done using Poisson statistics. n corresponds to the number of independent photons

absorbed within one ns laser pulse.



CALCULATIONS

Structure and energy calculations of chla

Vertical energies of chla are obtained through DFT calculations by the Gaussian16 software
package [4] using the ®B97XD functional and TZVP basis. The structure of chla is optimized at
the same level of theory. For comparison, we also optimize the structure by PM3, which only gives
slightly different excited-state energies, with shifts between 0.01 - 0.1 eV. The B3LYP functional
gives some changes to the energy for T where the energy is shifted to 1.39 eV, and for S, which is
shifted to 2.35 eV. The other states have very small changes. We note that the DFT method may not
fully capture the charge-transfer character of the involved transitions and as a consequence they
do not completely reproduce the spectroscopy of chla. Moreover, we use a model chlorophyll

without the phytyl tail of Chl,, which might also contribute to small changes in spectroscopy.

Figure 2. DFT optimized structure of Chla
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Table I. Transition energies and oscillator strength calculated for chla with Gaussian16 using TDDFT with

the @B97XD functional and TZVP basis. The structures are obtained at the same level of theory.

Excited State Multiplicity Transition Energy(eV) Wavelength(nm) Oscillator Strength
Excited State 4 Singlet 2.1468 57753 0.2187
Excited State 5 Singlet 2.5785 480.85 0.0404
Excited State 8 Singlet 3.4814 356.13 0.9756
Excited State 9 Singlet 3.7176 333.50 0.3447
Excited State 10 Singlet 3.7584 329.89 0.8134
Excited State 1 Triplet 1.0208 1214.55 0.0000
Excited State 2 Triplet 1.6096 770.30 0.0000
Excited State 3 Triplet 2.0758 597.29 0.0000
Excited State 6 Triplet 2.5979 477.25 0.0000
Excited State 7 Triplet 2.7327 453.70 0.0000

Homo orbital (166) of Chla. Lumo orbital (167) of Chla.

Figure 5. Molecular orbitals of Chla
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Structure and energy calculations of chla-formate

Vertical energies of chla-formate are obtained through DFT calculations by the Gaussianl6
software package [4] using the @B97XD functional and TZVP basis.The structure of the chla-
formate complex is optimized at the same level of theory. For comparison, we also optimize the
structure by PM3, which only gives slightly different excited-state energies, with shifts between
0.01 - 0.13 eV. The B3LYP functional gives some changes to the energy for T{ where the energy
is shifted to 1.36 eV, and for S, which is shifted to 2.19 eV. The other states have very small
changes. We note that the DFT method may not fully capture the charge-transfer character of the
involved transitions and as a consequence they do not completely reproduce the spectroscopy of

chla-formate.

Figure 7. DFT optimized structure of Chla-formate



0ESEVLOE-
0¢8te0s'¢-
09019¢E V-
0655¢0¢€’e-
0/1810¥'T-
079S1€8°0-
0099.£49°€
0TLTeeS'e
0v9786¢'Y
06017€8S°€
0988T6£°C
0LLL90C'T
086T9Y7C'T
0S020S0°0
00St79%0°0-
0S€EESL90
OTYIvLT'T-
096/8.6°0-
0Z19¢1S°0-
08STCIET-
0STIVEL'T-
0ZLT116'T-
09€8L¢6°0-
08516V C-
0S¥615S°0
0€8¢T0C°0
06S0SSE'T-
065S07¢0°T-
090L79%°1-
061S6¢C°0-
06081790~
00Z¥9¢9°¢
OTETYYO'E
099€9.9°C
0S6LL0¥°C
OTET6TED
008€890°0
099T€94°0
0G/S91S'T
0CSLTEE'T
0€ETYYS8'0
0ZELOOE0-
0690€16°0-
04690180

0S6L6LL°T
09¢¢S8S0
0EBYIVE'T
0TO8TISC'T
0v78569°C
09.0TLEC-
0£0TSTy'T-
0/816ST°€-
0157609°C-
08SSCLy'T-
0€L0LCSC-
0EVE980°C-
0€6CEEE T
0€8YLEY'T-
0SLVLECTY
090S.L¢S'Y
08¢9€S6°¢-
08EETTOE-
04979¢€C’e-
0S0S8SC'T
0SET098'C
0€EETOET'T
0596580°C
08¢669T'T
08€968L°0
00€LL6E'C
09€S6TS'T
ovyySTC0-
0€/£99S€'T
0€9700V'T
020S064°0
0€S670S'C
09t709/9°T
ozoceor'e
0€0E8YY'T
0v768L06°C
00765887~
00t72008't-
0L0SL6T°¢-
079SEET V-
0ceLy8se-
0G€95C0°T-
08vL8¥S°0
0/L69€EC°0

dJeuLIo}-r[y)) Jo danonays pazrundo LI ‘§ 231

09S86LL°C-
090117960~
00SV£9C'T-
08TC869°'T-
0LTLY0V'6
0S60SS°€
0S0YSSEY
0LLT9CL'Y
ozeoLeee
0698T¢6°€
0646GST°E
0T00T00'S
O0TGETC8'E
08176606'C
099¥1SE’S-
0LTvT6S V-
09TS00Y'S-
0T9€958'9-
0LS€EE68'S-
0€91958'8
0S89€CC'8
oveyy9S'8
00¢6SYS'L
oceeceT9
005¢698°S
08¥09.LC°S
06/186€'9
08TCLSC'Y
0LY¥679°€
0£56907°S
0T€9LL0'Y
06S6€£€£8°E
0£81S¢C€E'C
0veTL0E'C
0641¥9L°C
0085596°C
0cveL9L'e
06LV1CL'9-
0LT6199'9-
0€9€ETBT'S-
06STTET'9-
0S890t9°L-
00TOTET L~
0L64LTT°L-

IITOIIITIOIUVUIIITOVLOUITITVUIIOOUVUITVITITIVILVLOUOOULUITTITTTITOLUIOO

0S5€89ST°0-
05987850~
0£689SC'T-
0v9vLTy 0-
0985€0S°0
00TESOV'T
09¢S18¢C'C
0089¢791°C
0SYVLLESO
0C8€CeE8’0
086%£00°0-
0£19¢8¢€°0-
06STETS'T
089600T'T
0€86S8€E'T
0£29€C0'T
0T99€8S°0-
06V1ISET'0
0ovv.9CC°0
0€CY16C°0-
009€6LC°0-
0008ETE0
0c0TCvL 0
09£L€09°0
0v97S€6°0
0ETBYES0
0zovIeECo
0ST¥8¢0°0
02S€09T°0-
0S/L6LLT°0-
06886C€°0-
066076€°0-
00£€68V°0-
09t85Z¥'0-
0LLYETY O~
00¢eeseo-
0S0€6ST°0-
0816¥80°0
0vSS0€E0
09485290
0€58608°0
0€LE0T9°0

09CLETTO-
068088T°0
0€6919L°S-
0€V9LST'9-
0S55L€8°G-
0€EE0S0'9
0TSTves’s
0869869°S
0£09€8L'S
089TYTE9
0STLOE8€E-
089VTIvS'S-
0690S¢S°S
00v7€69S°S
06.L7€6C°0
060T066°€
0TOZY86'€E-
0LE6T86'T
06.476€L°0
0S9T88L'T-
Ov1EST90-
098LLY6'T
0S¢9ev0'e
0616¥.6'T
0990€TT'¢C
Ovv16€L°0
00496500~
06T966€'T-
0E0EVET T~
0TTSGESE-
08€8560°'1-
088/SL6'C-
00LEVO0€E-
06T€0C6'T-
0CTyS86°'T-
0€9190L°0-
08SL7CT'0
090661S'T
0EGSSEE'T
0EETYIL'E
0169¢6T'Y
0z06¢C0'e

0CT65¢6'9-
0817659C'1-
0LEOVLY'T-
0€£00%0°0
0S209¢Y'T-
OT/TT18'G-
0002491V~
0Tv66YE'T-
08S€CL9°0-
0/8CEELC-
0TZ0LLT'T
00S€LS8°0-
0708598t~
0S08¢8S°'T-
0v/T679'E
0SETTC90
00€88CT’€E-
088€SCE'S-
06SVLELO
0SESELI0-
08SL0€¢Ce-
0v0856'1-
0Z€6SLT0
099/¢S0'T
00czees'e
00ZEVOT'€
09STYS8'T
068568L'T
0¢8.68S°0
0TEBTLLO
0017868%°0-
0€LV9LET-
0LS9TLL'T-
08000€9°¢-
08%799.0°S-
00£881S°S-
09ZT9€€'V-
00£891€ V-
00Z8TLTE-
0EvTISE'E-
0£619L0°C-
009591¢C'T-

oo
e}

vLuoLvLoLLLoLLLLLLLLLLLLLUZZZZIIIIVVLOVULUIIIIIIII

(dAZ1/ax.L69®) paziwndo 14q a1ewJoy — pjjAydoiolyd



d)eULI0J-D[Y)) JO SIISIUd I "6 2In31

6TLET'O0- 08T <-8LI
9v60T'0 08T <-9L1
TwwiLS0 6LT<-9L1
£2€9T0 6LT<- VL1

000'0=<ZxS> 8VLT'0=} WU /9'9EE N LT8I'E WAS:-198UIS QT 1eIS Pardx3

"pauIWIR1Bp 34 10U PIN0d A1IBWIWAS 91e1S PalIdX]

T690T°0 08T <-8LT
S6997°0 6LT <-8LT
€0885°0 08T <-LLT
0790T°0- 08T <-SLT
§SSSCT0 6LT<-SLT

000'0=<T+5> STEL'0=} WUYT'VYE ADLZ09'E WAS-1318UIS 16 1eIS Pardx3

"pauIWIR]Bp 34 10U PIN0D A1IBWIWAS 91e1S Pa1IdX]

TLL6S0 08T <-8LT
61¢0T'0- 08T <-LLT
C16ST0-  6LT < LLT
9STIT'0 6LT <-9L1
68LY1°0 6LT<- VL1

000'0=<T+5> TS89'0=} WU EO'YIE A96S0V'E WAS-1918UIS  :g 1eIS Pardxy

"pauIWIR1ap 34 10U PIN0d A1lBWIWAS 9)e1S Palidx]

LTS0T'0 6LT <-9LT
VLILT0- BLT <-SLT
8180T°0- ¢8I <-¥LI
6CVLT0- T8I <-¥LT
0LELTO 08T <-¥L1
006210 6LT<-VLT
TI90T'0 08T <-€LT
°LoLT0 6LT <-€ELT
980€T'0-  6LT < TLT

000'2=<Tx+5> 0000°0=} WU Y579y AS 50897 WAS-I9|dIL 1/ 18IS Paraxg

“pauIWIRIAP 3¢ 10U PIN0d A1dWiAS 21e)S PaldX3

STSST'0 08T <-8L1
986€T°0 6LT<-8L1
€290T°0 8T <-LLT
9CYLS'0 08T <-LLT
€90CT°0-  6LT < LLT
9900T°0 6LT <-L9T

000'2=<T4+S> 0000°0=} WUBE'S6Y A98Z0ST WAS-191dUL 19 18IS Pardx]

paziwndo gx/69®)

000°0=<TxxS> V90T 0=3 WU LE°TOS

000°0=<TxxS> 6V0T 0=3 WU €E"V/S

000°C=<Tx%S> 0000°0=3 WU £8°T18S

000°T=<TxxS> 0000°0=3 WU 69618

v6.T°0
vS€0T 0
896650

A 6TLy T wAS¢-39T8uTS

9/019°0
TrS9Z°0-
€£78T"0-

NS (85T°T  wAS¢-39T8uTS

08879°0

ceetee-

C9€TT 0~
N3 60ET"T wAS¢ -39TdTuUL

689€T°0
£€009¢°0
Tv109°0

A2 9TIS'T wAS¢ -3aTdTuL

i5

B4

53

‘T

08T
6.1
6.1

<- 8LT
<- 8.1
<- LT

91e3S palToxX3
*pauTWJa1dP 8q 10U PTNOd Aulduwwks 331els palTox3

6.1
08T
6LT

<- 8LT
<= LLT
<- LLT

93e3s paiTox3
*pauTWJ9IdP 3q 10U PTNod Aulduwwks 331els palTox3

08T
8T
6LT

<- 8LT
<- LLT
<- 69T

918315 paiToxa
*pauUTWJa}dp 3q 30U PTNOd AulswwAs 93els palTdX3

6LT

> LLT
<- 8LT
<= LLT

23€3S PI3TIX3
“pauTWJa}ap 3q 3J0ou pTnod AulsuwwAs d3e3s pajToIX3

*A3Tsuap IDoyy STdTIJed-T 3Yyj Se 93e3s STY} Joj AJTSuap 93e3s palToxa ay3 SutAdod
059TYSST 84£2- = (140-AL/4H-aL)3 “A8usu3 TejoL
*UOT3D3JJ0D JIPJO-PUOIIS JO/pue uoTiezTwrido

TECET O
QETZT 0~
vvevi-e-
860ST°0-
78ET9°0
T8T0C"0-
8SEVE 0~

000°T=<TxxS> 0000°0=F WU 86°L9CT A3 8LL6°0 wAS¢ -39TdTuL

dAZ1/AX.69® 21ew.o}-o|yd

T

J04
6LT
08T
6LT
08T
6LT
8T
64T

93e3S paITOX3

93e3s STYL
-> 8.1
=> LLT
-> LT
<- 8LT
<- 8LT
<- LT
<= LLT

10



Table II. Transition energies and oscillator strength calculated for chla-formate with Gaussian16 using

TDDFT with the @B97XD functional and TZVP basis. The structures are obtained at the same level of

theory.

Excited State Multiplicity Transition Energy(eV) Wavelength(nm) Oscillator Strength
Excited State 4 Singlet 2.1587 574.33 0.2049
Excited State 5 Singlet 2.4729 501.37 0.1064
Excited State 8 Singlet 3.4059 364.03 0.6851
Excited State 9 Singlet 3.6027 344.14 0.7315
Excited State 10 Singlet 3.6827 336.67 0.1748
Excited State 1 Triplet 0.9778 1267.98 0.0000
Excited State 2 Triplet 1.5126 819.69 0.0000
Excited State 3 Triplet 2.1309 581.83 0.0000
Excited State 6 Triplet 2.5028 495.38 0.0000
Excited State 7 Triplet 2.6805 462.54 0.0000

Homo orbital (178) of Chla-formate. Lumo orbital (179) of Chla-formate.

Figure 10. Molecular orbitals of Chla-formate
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Spin-orbit coupling matrix elements

Output from the DFT calculations is used as input for a direct calculation of the spin-orbit
coupling matrix elements using the PySOC code [5]. The needed files are obtained by adding
required keywords to the Gaussian16 command line: TD(50-50,nstates=5) @B97XD/TZVP 6D
10F nosymm GFInput.

Chla: Spin-orbit matrix elements

sum_soc, <SO|Hso|T1,1,0,-1> (cm-1): 0.83854 0.20384 0.78743 0.20384
sum_soc, <SO|Hs0|T2,1,0,-1> (cm-1): 0.24150 0.16776 0.04510 0.16776
sum_soc, <SO|Hso|T3,1,0,-1> (cm-1): 0.29307 0.16421 0.17878 0.16421
sum_soc, <SO|Hso|T4,1,0,-1> (cm-1): 0.16775 0.11013 0.06230 0.11013
sum_soc, <S1|Hso|T1,1,0,-1> (cm-1): 0.29407 0.03590 0.28965 0.03590
sum_soc, <S1|Hso|T2,1,0,-1> (cm-1): 1.28456 0.17647 1.26008 0.17647
sum_soc, <S1|Hso|T3,1,0,-1> (cm-1): 0.82038 0.13608 0.79749 0.13608
sum_soc, <S1|Hso|T4,1,0,-1> (cm-1): 0.20074 0.06257 0.18018 0.06257
sum_soc, <S2|Hso|T1,1,0,-1> (cm-1): 1.34659 0.19178 1.31899 0.19178
sum_soc, <S2|Hso|T2,1,0,-1> (cm-1): 0.12063 0.03691 0.10875 0.03691
sum_soc, <S2|Hso|T3,1,0,-1> (cm-1): 0.17280 0.00851 0.17238 0.00851
sum_soc, <S2|Hso|T4,1,0,-1> (cm-1): 0.76447 0.11951 0.74555 0.11951
sum_soc, <S3|Hso|T1,1,0,-1> (cm-1): 0.48741 0.06411 0.47890 0.06411
sum_soc, <S3|Hs0|T2,1,0,-1> (cm-1): 0.10890 0.02564 0.10268 0.02564
sum_soc, <S3|Hso|T3,1,0,-1> (cm-1): 0.11532 0.01326 0.11379 0.01326
sum_soc, <S3|Hso|T4,1,0,-1> (cm-1): 0.15288 0.06664 0.12037 0.06664
sum_soc, <S4|Hso|T1,1,0,-1> (cm-1):  0.23425  0.15576  0.07972  0.15576
sum_soc, <S4|Hso|T2,1,0,-1> (cm-1): 0.30223 0.13594 0.23321 0.13594
sum_soc, <S4|Hso|T3,1,0,-1> (cm-1): 0.19544 0.08804 0.15065 0.08804
sum_soc, <S4|Hso|T4,1,0,-1> (cm-1): 0.02922 0.02066 0.00040 0.02066

Figure 12. Spin-orbit matrix elements for Chla
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Chla-formate: Spin-orbit matrix elements

sum_soc, <S0|Hso|T1,1,0,-1> (cm-1):
sum_soc, <S0|Hs0|T2,1,0,-1> (cm-1):
sum_soc, <S0|Hso|T3,1,0,-1> (cm-1):
sum_soc, <S0|Hso|T4,1,0,-1> (cm-1):
sum_soc, <S1|Hso|T1,1,0,-1> (cm-1):
sum_soc, <S1|Hso0|T2,1,0,-1> (cm-1):
sum_soc, <S1|Hso]|T3,1,0,-1> (cm-1):
sum_soc, <S1|Hso|T4,1,0,-1> (cm-1):
sum_soc, <S2|Hso|T1,1,0,-1> (cm-1):
sum_soc, <S2|Hso0|T2,1,0,-1> (cm-1):
sum_soc, <S2|Hso|T3,1,0,-1> (cm-1):
sum_soc, <S2|Hso|T4,1,0,-1> (cm-1):
sum_soc, <S3|Hso|T1,1,0,-1> (cm-1):
sum_soc, <S3|Hso0|T2,1,0,-1> (cm-1):
sum_soc, <S3|Hso|T3,1,0,-1> (cm-1):
sum_soc, <S3|Hso|T4,1,0,-1> (cm-1):
sum_soc, <S4|Hso|T1,1,0,-1> (cm-1):
sum_soc, <S4|Hso0|T2,1,0,-1> (cm-1):
sum_soc, <S4|Hso|T3,1,0,-1> (cm-1):
sum_soc, <S4|Hso|T4,1,0,-1> (cm-1):

Figure 13. Spin-orbit matrix elements for Chla-formate
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