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Tom tat

Phtrc chét cua porphyrin va kim loai ¢6 Gmg dung rong rai trong nhiéu linh vyc khac nhau nhu héa hoc, y duoc, moi
truong. Sy hiéu biét sau sac vé cdu triic va tinh chat dién tir ctia phirc chat s€ gilip gidi thich t6t hon hoat tinh cua ching
trong cac ung dung thuc té. Bai bao nay trinh bay két qua nghién ctru vé cic tinh chét dién tir cia phtc chat Zn véi
porphine, ciu tric nén cia cic porphyrin, trong dung méi nu6e bang phuong phap tinh toan mo6 phong Ly thuyet phiém
ham mat d (density functional theory, DFT). Cac phlem ham DFT két hop véi cac bd ham co sé khac nhau dé tinh toan
céu trac hinh hoc cua phirc chit nghién ctru. Céc tinh chit dién tir nhu phan bd cac orbitals bién (HOMO, LUMO), gian
dd nang luong orbital, gian dd ESP, CDD, ELF, va biéu d6 mat d6 trang thai riéng phan PDOS ciing dugc khao sat. Cubi
cung, bé miat thé nang (PES) cia phan (ng g1a1 phong hydro (hydrogen evolution reaction, HER) trén phtcc chat Zn-
porphine trong dung mdi nuée duge tinh toan. Két qua 1a gia tri enthalpy phan tmg (AH®) bang 0,388 eV (8,96 kcal/mol),
va gia tri nang lwong Gibbs tu do phan tmg AG® bang 0,117 eV (2,70 keal/mol).

Tir khoa: porphyrin, porphine, ion kim loai, HER
Abstract

Metalated porphyrin complexes have wide applications across fields like chemistry, medicine, pharmacy, and the
environment. A deeper understanding of their geometrical structure and electronic properties allows a better explanation
of their chemical activities across various applications. This paper reports a computational study of the structural and
electronic properties of Zn-porphine complex, a core structure of porphyrin derivatives, in aqueous phase using density
functional theory (DFT). Two DFT functionals were combined with various basis sets to predict the geometrical structure.
Several electronic properties, including frontier orbitals (HOMO, LUMO), orbital energy levels, ESP, CDD, ELF maps,
and PDOS, were also evaluated. Finally, the potential energy surface (PES) for the hydrogen evolution reaction (HER)
on the Zn-porphine catalyst was investigated. As a result, the reaction enthalpy (AH°) is equal to 0.388 eV (8.96 kcal/mol),
and the reaction Gibbs free energy (AG®) is 0.117 eV (2.70 kcal/mol).

Keywords: porphyrin, porphine, metal ions, HER

*Téc gid lién hé: Pao Duy Quang
Email: daoduyquang@duytan.edu.vn



Dao Duy Quang / Tap chi Khoa hoc va Cong nghé Pai hoc Duy Tan 02(75) (2026) 4-16 5

1. Giéi thi¢u

Porphyrin (P) 14 mot hop chat dai phan tir
mach vong bao gdm bdn don vi pyrrole lién két
v6i nhau qua cac ciu methine (=CH-), tao thanh
mot vong tetrapyrrole phang, co tinh chat thom
nho hé théng 26 m-electron, trong do 18 electron
lién hop tudn theo quy tic Hiickel. Loi trung tim
ctia Porphyrin chira bon nguyén tir nito (MNy) sap
xép theo hinh vudng phang, cho phép phbi tri vi
cac ion kim loai nhu Fe?*, Mg?*, Zn**... tao thanh
metalloporphyrin. Cac nhém chiric ¢ vi tri meso
(gitra cac cau methine) hodc B-pyrrolic (trén vong
pyrrole) c¢6 thé dugc thay thé dé diéu chinh tinh
chét hoa hoc va vat ly, dac bi¢t 1a kha ndng hoa
tan trong nudc cua porphyrin. O trang thai ty do,
hai trong bdn nito mang proton (-NH), trong khi
hai nito con lai c6 cap electron ty do (N, imine),
tao diéu kién cho sy phdi tri kim loai. Khi hip phu
ion kim loai, nd tuong tac vdi cac cap doi tu do
clia nito imine va thay thé hai proton tir cic nhom
-NH. Hai proton tir NH bi tach ra vi ion duong
kim loai c6 ai lyc manh véi cac nguyén tir nito,
va su phdi tri cta ion kim loai véi ca bon nito dan
dén su hinh thanh mot phuc bén nhiét dong luc
hoc. Cac proton dugc giai phong vao dung moi
(thuong 1 nuée hodc dung méi hitu co) [1]. Cau
trac phang ctia porphyrin c¢6 thé bi bién dang
(hinh yén ngua, gon séng) do tuong tac véi cac
nhom thay thé 16n hodc méi truong xung quanh,
nhu trong truong hop chlorophyll, noi vong
porphyrin bi bao hoa mot phan (chlorin).

Hé théng m-electron lién hop rong cua
porphyrin 1am né c6 kha nang hap thy anh sang
manh trong ving kha kién. Pho hép thu cua
porphyrin dac trung bdi: (i) dai Soret (B band):
hap thu manh & khoang 400-450 nm, lién quan
dén chuyén tiép n-n* ning luong cao; va (ii) dai
Q (Q band): hap thy dai ph6 yéu hon & 500-700
nm, lién quan dén cac trang thai kich thich thip
hon. Khi phdi tri voi ion kim loai hodc thay doi
nhom thé, phé hép thu c6 thé dich chuyén, lam
tang hodc giam cudng do cac band. Tinh chét

nay rat hiru ich trong viéc thiét ké vat liéu quang
hoc. Porphyrin cling c6 khd nang phat quang
(fluorescence) va tham gia vao cac phan ing oxy
hoa khu, dic biét khi két hop véi kim loai
chuyén tiép nhu Fe hodc Co [1], [2].

Porphyrin ¢6 ing dung rong rai trong nhiéu
nganh khac nhau, tur sinh hoc dén cong ngh¢ cao.
Trong sinh hoc, heme (dang porphyrin chira sat)
1a thanh phan ciia hemoglobin, van chuyén oxy
trong mau, va chlorophyll (chtra magnesium) hd
tro quang hop ¢ thuc vat. Ngoai ra, cac enzyme
nhu cytochrome, peroxidase, va catalase cling
chtra porphyrin, tham gia vao cac qua trinh oxy
héa. Trong y hoc, porphyrin dugc sir dung trong
liéu phap quang dong (photodynamic therapy,
PDT) dé diéu tri ung thu, nho kha nang hép thy
anh sang va tao ra oxy don bdi (singlet oxygen,
'02), gdy ton thwong té bao ung thu qua
apoptosis hodc necrosis [3]. PDT ciling duoc ap
dung cho bénh thoai hoda diém vang vobi
verteporfin, dat hiéu qué cao (hon 12% trong té
bao quang dong) [4]. Ngoai ra, porphyrin dugc
nghién ctu cho cam bién sinh hoc, hinh anh
MRI, PET/CT, va té bao quang dong nhay
nhudm, véi tiém ning trong ning luong tai tao.

Mot s6 nghién ctru gan day tap trung vao viéc
str dung porphyrin trong cac vt liéu tién tién,
dac biét la vat liéu khung hitu co kim loai
(MOFs), dé phat hién va hép phu ion kim loai,
vo1 ung dung trong xur Iy moi truong va y khoa.
Cac MOFs nhu PCN-224 va PCN-221 duoc
nghién ctru dé phat hién ion kim loai nhu Cd?*
(LOD, 2 x 10° M), Cu* (LOD tir 5,0 x 10* M
dén 6,8 x 107" M tuy cau trac) [2], va Hg?", véi
kha niang hap phuy tir dung dich nudc. Moradi et
al. cho thiy MOFs c6 cau triic porphyrin c6 thé
hap phy Hg?" tir nude, voi hiéu sudt cao nho do
x6p va céc vi tri Lewis base tiép xtic [5].

Shah va cong su [6] da nghién ctru céc tinh
chit cau trac, dién tir, quang phd va tinh chat
quang hoc cua porphyrin hip phu ion kim loai
M@P (M = Fe, Co, Ni, Cu va Zn) va két luan
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rang porphyrin hap phu Co va Cu la cac vat lidu
hoat dong trong viing kha kién va c6 thé dugc sir
dung cho céc ting dung quang dién tu. Liao va
Scheiner [7] da chi ra réng su hién dién cua phéi
tir nhu phan tor CO gay ra su nhiéu loan trong
céu trac dién tir cia porphyrin sit va cobalt, dan
dén nhiing thay d6i dang ké trong tinh chat dién
tir va quang hoc cua ching.

Ammar va Badran [8] da khao sat cac tinh
chat cau tric, dién tir va quang hoc ctia porphyrin
hap phu kim loai chuyén tiép (M@P; voi M la
Mn, Co, Fe, Cu, Ni, Zn) cling nhu anh hudng cta
su hap phu CO 1én cac tinh chét cia M@P bang
Ly thuyét ham mat d6 ¢ muc 1y thuyét
B3LYP/LanL2DZ. Cac két qua bdo cio gdm
nang luong hap phu, d6 dai lién két, cau hinh
dién tr, m6 men tir, mat do trang thai, orbital
phan tir bién va phé UV-Vis. Két qua tinh ton
cho thay phan tr CO uu tién hap phy trén
porphyrin chira kim loai M tai dau carbon cua
n6. Hap phu CO 6n dinh nhét vé nang luong thu
dugc ¢ phirc Fe@P. Tuong tac gitra phan tir CO
va M@P dya trén co ché trao ddi va chuyén giao
dién tich. Han ché cta nghién ctru nay 1a bo ham
co s& LanL2DZ 1a kha nhé dé dién ta cau tric
dién tir cua cac ion kim loai.

Céc phuc chat kim loai ctia porphyrin ciing
dugc ung dung rong rai lam xic tac cho nhiéu
qua trinh hoa hoc khac nhau, trong d6 c6 phan
ung giai phong hydro (hydrogen evolution
reation, HER). Day 1a mot qua trinh san xuét
hydro xanh trién vong nhat, gép phan dap ung
nhu ciu ngay cang tang vé hydro nhién liéu. Tuy
nhién, cac ng dung thuc té yéu cau hiéu qua xtc
tac cao dé tang toc phan (mg va giam hién tuong
qua thé (overpotential). Qua thé 1a dién ap bod
sung can thiét dé thuc day phan tng dién héa &
tbc d6 nhanh hon trang thai can béng cua no.
Day 1a sy chénh léch giira thé thuc té can thiét
va thé can bang 1y thuyét. Boi vi qua trinh dién
hoéa nay khong dién ra thuan loi [9] va dong hoc
ctia né dién ra cham [10], [11].

R4t nhiéu loai xuc tac da dugc su dung dé
tang tdc cho phan ung HER. Phuc chat cua céac
kim loai chuyén tiép khac nhau da duoc sir dung
lam xuc tac cho phan tmg HER nhu Fe [12], Co
[13], [14], Ni [15] va Cu [16]. Trong do,
porphyrin xuét hién nhu phéi tir, chii yéu boi vi
cau tric tetrapyrrolic cia né, véi bén nguyén tir
nitrogen N cting huéng vé tdm ctia porphyrin, va
tao thanh khoang rdng c6 thé bat giit nhidu
cation kim loai khac nhau [17]. Vai tro cua
metalloporphyrins lam xtc tdc cho phan tng
HER d3 dugc dic két ¢ nhiéu bai bao tong quan
ly thuyét nhu Zhang va cong su [9], Beyene va
Hung [18], va Castro-Cruz va Macias-
Ruvalcaba [19]. Theo dod, hiéu qua xuc tac cho
phan tmg HER phu thudc rat nhiéu vao céc tinh
chat cua xtic tac porphyrin-kim loai, nhu: kha
nang cho proton, ban chat hoa hoc cta cation
kim loai trung tam, ciu trac hoa hoc cua xuc tac
(su ¢6 mit cta cac nhom thé day hodc hat dién
tu, phéi tur theo truc, hi¢u tng khong gian...).

Pé gop phan 1am 1& hon cdu trac dién tir va
hoat tinh cta porphine (cdu triic nén cila cac
porphyrin), ddc biét trong diéu kién dung moi
nudc, nghién ctru ndy sé khao sat cau trac hinh
hoc t6i wu va céu triic dién tir ciia porphine va
phirc véi ion kim loai Zn*" bang cach két hop hai
phiém ham DFT, ®B97XD va M06-2X, va
nhiéu bo ham co s¢ khac nhau. Chung toi s&
khao sat sy phan bd cac orbital bién (HOMO va
LUMO), gian do phan b niang luong tuong g
cla cic orbitals, gian d0 thé dang dién
(electrostatic potential, ESP), mat d§ trang thai
(density-of-states, DOS), gian 6 chénh 1éch mat
do dién tir (charge densities difference maps,
CDD), ham dinh vi dién tir (electron localisation
function, ELF), va mat do trang thai riéng phan
(partial density-of-states, PDOS) cta céc orbital
p ctia N va orbital d ciia ion Zn?". Cudi cing, co
ché phan tmg HER trén tdm hoat tinh Zn cia
phirc chét dugce tinh toan.
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2. Phuong phap nghién ctru

Tat ca cac tinh toan trong nghién ciru nay
duoc thuc hién véi phﬁn mém hoa tinh toan
Gaussian 16 Rev. C.01 [20]. Tbi vu héa céu tric
hinh hoc va tan s6 dao dong duoc thuc hién béng
phuong phap DFT. Cau trac hinh hoc t6i wu ciia
phirc chat duge khao sat tinh toan bang nhiéu
phuong phap khac nhau, két hop giita hai phiém
ham (functionals) ®B97XD va M06-2X v&i cac bd
ham co s& (basis sets) nhu Lanl.2DZ, aug-cc-
PVDZ va aug-cc-PVTZ, def2-SVP va def2-
TZVP. Céc tinh chét dién tir ctia phirc chat nghién
ctru dugce khao sat bang nhiéu cong cu khac nhau.
Phiém ham ©B97XD cua Head-Gordon va cac
cOng su [21] da tich hop hiéu chinh phan tan thuc
nghiém khoang cach xa (long-range empirical
dispersion) st dung mod hinh phan tan D2 cua
Grimme [22]. Trong khi d6, phiém ham M06-2X,
cung vo1 ®B97XD, dugc sir dung rong rai trong
cac tinh toan nhi¢t dong hoc va dong hoc phan ung
vi d0 chinh xac so voi thue nghiém [23]. Sy phan
b6 cac orbitals bién nhu orbital bi chiém chd c6
ning luong cao nhét (highest occupied molecular
orbital, HOMO) va orbital khong bi chiém chd co
mirc ning luong thdp nhét (lowest unoccupied
molecular orbital, LUMO) ciing nhu gian d0 ning
lugng céc orbitals dugc tinh toan va thé hién béng
phian mém Chemcraft [24]. Gian d6 chénh léch
mat do dién tir (charge densities difference maps,
CDD), ham dinh vi dién tir (electron localisation
function, ELF), va gian dd thé dang dién
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(eletrostatic potential maps, ESP), va mat d trang
thai riéng phan (partial density-of-states, PDOS)
ctia phirc Zn-porphine dugc xtr Iy bang phan mém
Multiwfn [25]. Cudi cung co ché phan tGng dién
hoa giai phong hydro (hydrogen evolution
reaction, HER) trén xuc tdc Zn-porphine trong
dung moi nudc dugce tinh toan véi phuong phap
®B97XD/def2-SVP. Day 1a phuong phap dugc su
dung pho bién dé xir Iy phan tmg cuia cac phirc chat
co kim, trong d6 xir Iy cac nguyén t6 hiru co (N,
C, H) va kim loai trong mot b ham théng nhat.
Céu triic t6i uu ctia cac phirc chit trung gian va bé
mit thé nang phan (mg (potential energy surface,
PES) da duogc tinh toan.

3. Két qua va thao luin

3.1. Céu tritc hinh hoc va ciu tric dién tir ciia
porphine va dang dianion cia no

Hinh 1 gidi thidu cau triic toi wu, gian d6 thé
tinh dién, phan b cac orbitals bién (HOMO va
LUMO) cua porphine (Hinh 1A) va dang
dianion (Hinh 1B) cua né trong dung moi nudc.
Ca hai ciu tric déu c6 khung gébm bén vong
pyrrole ndi véi nhau bang bén ciu methine
(=CH-) va khong c6 nhém thé nao ¢ bén vi tri
methine. CAu trac ndy tao thanh mot hé vong
phang, lién hgp manh, c6 18 electron 7 va tudn
theo quy tac Hiickel (4n+2, vi n=4). Khi co cac
nhém thé vao cac vi tri H cua cau ndi methine
thi ta s& ¢ cdu trac porphyrin, 1a mot din xut
va chét con cia porphine.
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Hinh 1. Cau tric t6i wu, gian do thé tinh dién (electrostatic potential, ESP), phan b6 céc orbital bién HOMO va LUMO
cua porphine dang trung hoa (A) va dang dianion sin sang phdi tri vdi cation kim loai (B), tinh trong dung méi nudc
& mirc 1y thuyét UnB97XD/def2-SVP/SMD(H,0). B¢ dai lién két dwoc thé hién véi don vi Angstrom. Goc lién két

phing ¢ don vi do.
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Xem Hinh 1, ta c6 thé thdy cau triic hinh hoc
ctia dang dianion cua porphine thay d6i nhe so
v6i dang trung hoa. Khoang cach hai nguyén tu
nitrogen d6i dién nhau N2-N3 tang lan luot tir
4.05 dén 4.16 A. Trong khi d6, géc phang C-C-
C cua nhém methine ting 1én 1° tir 126,6 dén
127,6°. Viéc mat hai proton H* tao nén ciu tric
“16 hong” giau dién tir & dang dianion voi mat
d6 dién tir 16n (biéu dién bang mau do) rat thuan
loi cho viéc lién két véi cation kim loai Zn(II).
Phan b6 orbital HOMO cua ca hai dang trung
hoa va dianion kha giéng nhau, véi orbital phan
b6 doc theo cac vi tri giau dién tir (lién két pi va
nguyén to N) trén khung macrocycle cua
porphine. Trong khi d6, phan b orbital LUMO
kha khac nhau. Do ca bén nguyén tir N ctia dang
dianion déu c6 mat do dién tir 16n, d3 tao thuan
loi su bat dinh x dién tr, 1am cho dién tir phan
b6 rong hon trén cac nhém C=C-N, va gitp bén
hoéa cau trac dianion. Trong khi d6, hai nhém NH

trén vong pyrole ciia dang trung hoa da han ché
hién twong bat dinh xt dién tir nay. Cau tric dién
tor ciia dang dianion s€ tao thudn loi trong viéc
cho cac dién tir doc than tir nguyén tir N dén cac
orbital tréng [Ar]3d'° cta cation Zn(II) khi tao
lién két phi tri.

Tiép theo, ching toi khéo sat ciu trac hinh
hoc va céac tinh chat dién tir dic trung cua hé
phuc Zn-porphine trong dung moéi nudce. Bang 1
liét ké mot s6 thong sd hinh hoc t6i wu gdbm do
dai cac lién két Zn-N va goc lién két phang N-
Zn-N cta hé phitc Zn-porphine tinh bang cac
muc 1y thuyét khac nhau, két hop tir hai phuong
phép DFT (0B97XD va M062X) va cac by ham
co s¢ (LanL2DZ, aug-cc-pVDZ, aug-cc-pVTZ,
def2-SVP va def2-TZVP). So sanh két qua thu
dugc ta thay cac thong sd hinh hoc téi wu gan
nhu gidng nhau giita cic phuong phap DFT va
bd ham co sé.

Bang 1. Cac thong sd cdu trac, gdm do6 dai cua cac lién két Zn-N va goc lién két N-Zn-N
ctia phirc Zn-porphine trong dung méi nudc tinh toan & hai phiém ham ©B97XD va M06-2X
két hop v6i cac bo ham co s¢ khac nhau. Do dai lién két dugc thé hién véi don vi Angstrom.

Goc lién két phang & don vi do.

Functional ®B97XD M06-2X
aug- aug- aug- aug-
Basis set | Lanl.2DZ cc- cc- céev% ,?;%;, LanlL.2DZ cc- cc- (;e\t;ZP- ,?;%i)
pVDZ | pVTZ pVDZ | pVTZ
Zn-N1 2.07 2.06 2.05| 2.06| 2.05 2.07 2.06 2.06 | 2.08 2.07
Zn-N2 2.07 2.06 205] 2.06| 2.05 2.07 2.06 2.06 | 2.08 2.07
Zn-N3 2.07 2.06 205| 206 | 2.05 2.07 2.06 2.06 | 2.08 2.07
Zn-N4 2.07 2.06 205| 2.06| 2.05 2.07 2.06 2.06 | 2.08 2.07
N1-Zn-N2 90 90 90 90 90 90 90 90 90 90
N2-Zn-N4 90 90 90 90 90 90 90 90 90 90

Trong céc tinh toan DFT cho hé Zn-porphine,
viéc Iya chon b ham co s (basis set) quyét dinh
truc tiép dén d0 chinh x4c cta ciu trac hinh hoc,
nang luong orbital va phan bd dién ta. Cac bd
ham nhu def2-SVP, def2-TZVP, aug-cc-pVDZ
va aug-cc-pVTZ déu c6 nhitng wu, nhuoc diém
riéng vé hidu qua tinh toan va do chinh xac mo
ta h¢ lién hop kim loai-ligand. Cu thé, def2-SVP

la b0 ham hai-zeta (double-zeta) c6 ham phan
cuc, duoc thiét ké téi wu cho DFT nén cho két
qua 6n dinh, nhanh va du chinh xac cho viéc tbi
uu hinh hoc cling nhu phan tich xu huéng nang
luong. Khi ning cp 1én def2-TZVP, v6i ba ham
zeta (triple-zeta) va md ta vung phan cuc tot hon,
mo hinh cho két qua hinh hoc gﬁn thuc nghiém
hon, dic biét & lién két Zn-N va phan bon trong
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vong porphine. Trong khi do, cdc by ham aug-
cc-pVDZ va aug-cc-pVTZ thugc ho
“correlation-consistent” cia Dunning, c6 ham
khuéch tan (diffuse functions) gitp mo ta tot hon
mat dJ dién tir & vung bién va cac trang thai kich
thich. Pac biét, aug-cc-pVTZ thuong cho dd
chinh x4c cao, tai hién gan dung niang luong
chuyén doi n>7* va phé UV-Vis thuc nghiém.
Tuy nhién, chiing doi hoi chi phi tinh toan rat
16n, kho hoi tu dbi véi cac hé c6 kim loai chuyén
tiép nhu Zn néu khong dung thé 18i twong thich
(pseudopotential). Vi vay, b ham def2-SVP/-
TZVP c6 thé 1a Iyra chon can bang giita toc d6 va
do chinh xac, phu hop cho nghién clru co ban
hodc khao sit xu hudng, giup tiét kiém tai
nguyén ma van dam bao d¢ tin cdy cao trong md
phong hé Zn-porphine.

Ngoai ra, trong phan sau, ching t6i ciing chon
phiém ham ©B97XD d¢é tinh toan tinh chat nhiét
dong hoc phan tng chuyén hoa hydrogen
(hydrogen evolution reaction, HER). Phiém ham
®B97XD khong chi bao gém céac thanh phan
trao ddi - tuong quan thong thuong, ma con tich
hgp sin md hinh hiéu chinh phin tan cia
Grimme D2 [22], & mé phong chinh xac hon
cac tuong tac yéu nhu: lyc van der Waals, twong
tac m - m, tuong tac kim loai - ligand & khoang
cach xa (long-range dispersion), va cac hi¢u ing
stacking trong h¢ phan tir 16n (nhu porphyrin,
protein, DNA...). So v6i cac ham phiém DFT
“thuan tiy” khong c6 hiéu chinh phan tan (nhu
B3LYP), ®B97XD md ta chinh x4c hon cac
nang lugng lién két yéu va hinh hoc ciia phirc
chat kim loai - ligand, nhu phttc Zn-porphine.

3.2. Céu tritc hinh hoc va ciu tric dién tir ciia phikc chét Zn-porphine

«

(B)

1.000

.......

.......

Hinh 2. Céu triic t6i uu (A), gidn do chénh 1éch mat do dién tir (charge densities difference maps, CDD) (B), ham dinh
vi dién tir (electron localisation function, ELF) (C), va gian do thé dang dién (eletrostatic potential maps, ESP) cua
phttc Zn-porphine trong nude (D) tinh & muc 1y thuyét UoB97XD/def2-SVP/SMD(H,0).
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Hinh 2 biéu dién c4u tric hinh hoc t6i uu, gian
dd chénh léch mat d6 dién tir (charge densities
difference maps, CDD), ham dinh vi di¢én tu
(electron localisation function, ELF), va gian d6
thé dang dién (eletrostatic potential maps, ESP)
cua phuc gitra dang dianion ctia porphine véi
Zn** trong nuéc.

Céc gian d6 dién tir tinh toan ¢ muc 1y thuyét
®B97X-D/def2-SVP/SMD(H>0) cho phép khao
sat sy phan bd dién tir trong phirc. O gian do
CDD, vung mau tim biéu thi su tang mat do dién
tir tap trung quanh lién két Zn-N, cho thdy quéa
trinh cho dién tir tir cac nguyén tir N sang Zn*",
trong khi viing mau xanh phan b6 gan N thé hién
sy gidm mat do dién tur do mat cap dién tu ty do
khi hinh thanh lién két phdi tri. Gian d6 ELF cho
thdy dién tir lién két o gitta C-C va C-N dugc

dinh vi manh, trong khi vung m cua vong va vung
quanh Zn ¢6 mtc dinh vi thap, phan anh tinh giai
toa dién tir  va ban chat phdi tri cua lién két Zn-
N. Gian d6 ESP cho thdy vung dién thé duong
tap trung quanh Zn** va ving am bao quanh
vong porphine, chimg t6 phirc c6 phan cuc dién
tich manh véi tdm Zn mang dién duong ro rét.
Nhin chung, cac phan tich dién tir cho thdy Zn-
porphine 1a phtrc on dinh, véi su chuyén dién tor
10 rang N = Zn, duy tri tinh thom cua hé vong,
dong thoi tao nén tim Zn dé phdi tri thém véi
cac phan tur nhu H20 trong moi truong phan cuec.

Dé hiéu rd hon ciu tric dién tir cua hé phuc
Zn-porphine, Hinh 3 phan tich gian d6 cac mirc
ndng luong orbital phan t&¢r cia phuc Zn-
porphine trong nudc.

MO energy levels
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Hinh 3. Gian d6 cic murc ning luong orbital ciia phirc chat Zn-porphine trong nude, tinh & mic 1y thuyét
UwB97XD/def2-SVP/SMD(H,0).

Gian d6 muc ning luong obital phan tur
(molecular orbital, MO) cua phtrc Zn-porphine
trong nudc cho thiy dic trung dién tir dién hinh
ctua cac hé metalloporphyrin c6 tam Zn(II). Ion
Zn** véi cau hinh 34'° khong tham gia tryc tiép

vao cac obitals 7 clia vong porphine ma chi yéu
dong vai trd On dinh cdu trac va diéu chinh phan
cyc dién tr. Cac obital chiém chd (HOMO va
cac muc dudi n6) déu mang ban chat m va phan
b trén khung vong macrocycle, trong khi cac
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obital trong (LUMO va cac muc trén nd) mang
ban chat o*, phan anh su chuyén doi dién tirm >
n* trong h¢ lién hgp. Nang lugng HOMO ¢ -
6,873 eV va LUMO ¢ -1,038 eV, vé1 do chénh
HOMO-LUMO 1a 5,836 eV, cho thay phuc co
d6 bén dién tir cao. Nhu vy, gian 6 MO khang
dinh riang trong Zn-porphine, cic chuyén doi
dién tir chu yéu xay ra trén hé © cua ligand, con
Zn déng vai trd 1a tam phdi tri trung tinh gitp
duy tri cau tric phang, phan cyc dién tich va ting
d6 6n dinh cua toan phuc.

Hinh 4 biéu dién ham mat d6 trang thai riéng
phan (partial density-of-state, PDOS) cta cic
nguyén to N va Zn, va ham mat do trang thai
téng quat (fotal DOS) ctia phirc Zn-porphine tinh
trong nudc.

Biéu d6 PDOS cua phitc Zn-porphine cho
thdy rd ban chat dién tir dién hinh cia cac hé
metalloporphyrin chira Zn(II). Quan sat PDOS
ctia cac nguyén tir N (N1 - N4), ta thay chung co
dong gop manh trong ving gan HOMO (-6.8 eV

dén -7.5 eV) va mot phan nho trong ving
LUMO. Piéu ndy ching to cac obital p cia N
(chtra c@p dién tir tuy do) tham gia manh vao hé
lién hop m clia vong porphine, dong thoi phdi tri
truc tiép véi Zn?*. Mat d6 N cao quanh HOMO
chimg to N 1a ngudn donor chinh, cung cap dién
tir cho hé @ va cho lién két Zn-N. Trong khi do,
duong PDOS cua Zn (mau xanh 14) c6 céc dinh
nho va tach bi¢t, tap trung sau hon (khoang -9
eV dén -8 eV) va mot phan nhé giao voi ving
HOMO. Obital d cua Zn di day (d'%) va dong
gop rat nho vao HOMO hoic LUMO, chu yéu
mang tinh on dinh cdu trac. Mot dinh nho gan
HOMO phan anh tuong tic yéu giita obitan
4s/4p cua Zn va hé m cua vong, phu hgp véi ban
chat phéi tri 6-donation tir N sang Zn, chir khong
c6 back-donation dang ké. Tom lai, cac dinh mat
d6 trang thai tap trung chu yéu trén khung vong
porphine, dac biét tai cdc nguyén tir N, phan anh
vai tro donor electron manh cta N trong qué
trinh phdi tri va trong hé lién hop m cua
macrocycle.
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Hinh 4. Ham mat d6 trang thai riéng phan (partial density-of-state, PDOS) ciia cic nguyén tir N va Zn,
va ham mat d trang thai tong quat (fotal DOS) ctia phitc Zn-porphine tinh trong nude ¢ mc ly thuyét
UwB97XD/def2-SVP/SMD(H,0).

Ngoai ra, mirc HOMO (-6,873 eV) chu yéu
mang ban chat m lién hop trén vong porphine,
trong khi miac LUMO (-1,038 e¢V) mang dac
trung n*, v6i dong gop tir Zn gan nhu khong
dang ké do cau hinh dién tir 4'° bio hoa ciia ion
Zn**, Khoang céach nang luong HOMO-LUMO

kha 16n (5,836 eV) cho thdy hé c6 d6 bén dién tir
cao va it hoat tinh hoa hoc, ddng thoi cac chuyén
doi dién tir chu yéu 1a © = n* trong ligand chir
khong phai chuyén doi ligand-metal. Nhu vy,
phitc Zn-porphine c6 ban chét ligand-centered,
trong d6 Zn chi dong vai trd 6n dinh cau tric va
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phan cyc dién tich, con tinh chit quang-dién tir
hoan toan do hé 7 ctia vong porphine chi phdi.

3.3. Co ché phan irng gidi phéng hydro

Bét chip mot tro ngai 16n lién quan dén tinh
kho tan trong nudc cia cac phirc chat
metalloporphyrin néi chung, thi viéc thu gitr
hydro tir qua trinh khur dién hoéa proton trong
dung méi nude duoc quan tim nghién ciru nhiéu,
vi s0 v61 cac dung moi hiru co khac, nudce ré hon
va than thién v6i mdi truong hon rat nhiéu [19].
Dé ting tinh hoa tan trong nudc ciia phirc chat,
nguoi ta c¢o thé thém vao cau tric cua porphine
hay porphyrin cic nhom thé cationic hoic
anionic. Trong phan nay, phtrc chat Zn-porphine
duoc khado sat lam xtc tac cho phan ng giai
phong hydro trong dung méi nudc, dé cung cap
nhirng udc lugng ban dAu vé mat nhiét dong hoc
cua qua trinh. Hinh 5 mo ta cic phan ung trong
qué trinh giai phong hydro ding phirc chat Zn-
porphine lam xuc tac trong dung moi nude, cung
ciu trac toi wu cia cac phirc chat trung gian.
Hinh 6 m6 ta bé mit thé ning ciia phan tmg dién
hoa giai phong hydro tir H>O trén bé mit phirc
chat Zn-porphine.

Nhu mé ta trén Hinh 5, co ché phan tmg xtic
tac trong dung méi nudc cua phirc chat Zn-
porphine trung hoa ([Zn(I)-N4]°) dugc khoi
mao bang cac phan g nhan 2 electron lién tiép
dé bién thanh dang monoanionic ([Zn(I)-N4]*")
va dianionic ([Zn(0)-N4]*"). Trong qu4 trinh do,
trang thai oxi hoa cua phirc chat Zn-porphine
cling duoc giam di tr Znll vé Zn0. Phan ung
dién hoa nhan lién tiép 2 dién tir nay 1a qué trinh
thudn loi véi cac gia tri am cta nang lugng tu do
Gibbs, tuong ung 1a -3,465 eV va -6,406 eV, va
toa nhiét véi gia tri enthalpy twong ddi (AH®) am,
tuong ung 1a -3,464 eV va -6,422 ¢V (Hinh 6).
Nang luong solvat héa cua electron dugc tinh
theo phwong phép ctia Markovic [26], va bang

chénh 1éch cta ndng lugng ciia H,O dang anion
va HO trung hoa. Két qua 1a enthalpy va ning
luong tu do Gibbs solvat hoa cua electron trong
nude lan luot béng 0,555 va 0,531 eV, tinh toan
& cung muc 1y thuyét.

Tiép theo, mot phan tir H2O c6 thé hap phu
1én tam hoat tinh Zn tao thanh phirc chét trung
gian [Zn(0)-N4.H>0] %~ Qu4 trinh hp phu H.O
la khong thuén lgi nhung van téa nhiét manh, véi
gia tri AH/AG® lan lugt bang -6,784 eV/ -
6,323eV. Sau khi hap phu H»O, phtic chét trung
gian [Zn(0)-N4.H,0]*>~ nhuong 1 electron cho
moai truong trong mdt phan Gng thu nhiét manh
va khong tu xdy ra, v6i cac gia tri AH/AG® ting
manh, 14n luot bang -4,219 eV/ -3,680 eV, dé tao
thanh phirc chat trung gian [Zn(I)OH-NH-N3]*".
O trang thai tich dién am, lién két H-OH cua
phan tir nuwéc kéo dai hon, 1én dén 1.594, 14 cho
proton H" ¢6 xu hudng chuyén dén, tao lién két
v6i N ctiia vong macrocycle, dé lai nhém HO tao
lién két voi Zn. Tiép theo, can cap thém nhiéu
nhi¢t lugng dé tach nhom HO™ ra khoi tdm hoat
tinh Zn tao thanh phirc chat [Zn(I)-NH-N3]*, véi
gia tri AH/AG® ting manh Ién lan lugt bang
1,104 eV/ 1,265¢V. Phirc chat [Zn(I)-NH-N3]*
nhan mot electron tor moi truong, déng thoi
chuyén H tir -NH ra tdm hoat tinh Zn, dé tao
thanh phirc chét trung gian cua Zn hydride
[Zn(I)H-N4]~ véi ning lugng AHY/AG® gidm
manh xuéng, lan lugt béng -4.856 eV/-4.770 eV
(Hinh 6). Trong qua trinh nay, trang thai oxi hoa
ctia Zn tang tir I 1én II. Cudi cung, [Zn(I)-NH-
N3]* nhan mot proton H tir H>O, va giai phong
1 phén to Ho, déng thoi dé lai mot anion HO, va
hoan nguyén lai phtic chat Zn-porphine ban dau.
Céc gia tri ning luong AHY/AG® clia phan tng
cudi nay lan lugt ting 1én gia tri twong ung 1a
0,388 eV/ 0,117 eV.
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Hinh 5. Ciu triic t6i wu ciia cac ciu tir trung gian trong co ché phan tng giai phong hydro (hydrogen evolution reaction
— HER) trén phirc chat Zn-porphine trong nudc, tinh & mirc 1y thuyét UoB97XD/def2-SVP/SMD(H,0). P9 dai lién két
hoéa hoc dugc do bﬁng don vi A.

Mot cach tong quét, qua trinh phan tmg dién
hoa giai phong hydro tr H2O trén xuc tac Zn-
porphine 1a mot qua tinh thu nhiét véi AH bang
0,388 eV (twong duong 8,96 kcal/mol), va
khong ty xdy ra vé nhiét dong voi gia tri AG°
bang 0,117 eV (khoang 2,70 kcal/mol). Két qua

thu duoc vé ning lugng phan mg giai phong
hydro (HER) ctia Zn-phorphine gan twong tu voi
nang lugng phan tng tinh dugc cho hé Fe-cac
dan xuét cua phorphyrin thu duoc trong nghién
ctru cua Heppe va cong su (2023) [27].
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Hinh 6. Bé mat thé nang phan tmg giai phong hydro trén phirc chat Zn-porphine trong nudc, tinh & muc 1y thuyét
UwB97XD/def2-SVP/SMD(H,0). Gia tri mau xanh 1a enthalpy twong doi, gia tri mau do trong ngodc vudng la nang
luong tu do Gibbs. Cau triic t6i wu cac phuc chat trung gian tir (1) dén (7) duoc thé hién trong Hinh 5.

4. Két luan

Bai bao di trinh bay mot sd két qua khao sat
vé cu triic hinh hoc va ciu trac dién tt caa phuc
chat Zn-porphine trong dung méi nudc bang
phuong phap 1y thuyét phiém ham mat do. Sau
d6, phirc chat Zn-phorphine duoc khao sat nhu
chat xtic tac cho phan tmg giai phéng hydro
(hydrogen evolution reaction, HER). Ciu tric
cac phtrc chit trung gian xudt hién trong co ché
phan mg, va bé mit thé nang phan tng da dugc
tinh toan. Két qua cé thé dugc tom luge nhu sau:

+ Zn-porphine 1a phirc chat 6n dinh, trong d6
mat do dién tr chuyén theo huéng N > Zn. Diéu
nay giup duy tri tinh thom cta h¢ vong, va giup
tam Zn d& phdi tri thém véi cac phéan tir nhu H>O
trong moi trudong phan cuc.

+ Phén tich cu hinh cac orbitals, dic biét 1a
céc orbitals bien HOMO va LUMO, cho thay ion
Zn*" véi chu hinh 34'° khong tham gia truc tiép
vao cac obitals 7 ciia vong porphine ma chu yéu

dong vai trd 6n dinh cau triic va didu chinh phan
cuc dién tir. Ngoai ra, cac chuyén doi electron
chil yéu xay ra trén hé & ciia vong macrocycle,
con Zn déng vai tro 1a tdm phdi tri trung tinh
gitp duy tri ciu trac phang, phan cuc dién tich
va tang do 6n dinh cua toan phure.

+ Khoang cach nang lugng HOMO-LUMO
kha 16n (5,836 eV) cho thiy hé c6 d6 bén dién tir
cao va it hoat tinh hoa hoc, ddng thoi cac chuyén
doi dién tir chi yéu 1a © > 7* trong ligand chi
khong phai chuyén doi ligand-metal.

+ Nghién ctru nay ciing khao sat co ché phan
ung giai phong hydro (HER) trén xtc tac phuc
Zn-phorphine. Két qua tinh toan bang DFT cho
thiy ddy 13 mot phan Gng thu nhiét nhe voi gia
tri bién thién enthalpy phan ung (AH®) bang
0,388 eV (khoang 8,96 kcal/mol), va khong
thuan loi vé nhiét dong voi gia tri AG? bang
0,117 eV (khoang 2,70 kcal/mol). Tuy nhién, két
qué nay gan bang v4i phan (mg tuong tu sir dung
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cac hé phuc Fe va cac din xuit khac nhau cua
porphyrin [12].

Nghién ciru nay hi vong gitip hiéu rd hon ban
chat dién tir ctia phirc Zn-porphine va anh huong
ctia tinh chét dién tir clia n6 1én phan mg giai
phong hydro trong dung moi nude.

Tai liéu tham khao

[1] Gkika, D. A.; Ladomenou, K.; Bououdina, M.;
Mitropoulos, A. C.; Kyzas, G. Z. (2024). "Adsorption
and Photocatalytic Applications of Porphyrin-Based
Materials for Environmental Separation Processes: A
Review". Science of The Total Environment (908),
168293. DOI: j.scitotenv.2023.168293.

[2] Qi, Z.-L.; Cheng, Y.-H.; Xu, Z.; Chen, M.-L. (2020).
"Recent Advances in Porphyrin-Based Materials for
Metal Ions Detection". International Journal of

Molecular Sciences 20, 5839. DOI:
10.3390/ijms21165839.
[3] Lim, C. K. (2000). "Porphyrins: Liquid

Chromatography". In Encyclopedia of Separation
Science; Elsevier; pp 3960-3973. DOI: BO0-12-
226770-2/01771-3.

[4] Wormald, R.; Evans, J. R.; Smeeth, L. L.; Henshaw,
K. S. (2007). "Photodynamic Therapy for
Neovascular Age-Related Macular Degeneration".
Cochrane Database of Systematic Reviews (3), 1465-
1858. DOI: 10.1002/14651858.CD002030.pub3.

[5] Moradi, E.; Rahimi, R.; Safarifard, V. Porphyrinic
Zirconium-Based MOF with (2020). "Exposed
Pyrrole Lewis Base Site as an Efficient Fluorescence
Sensing for Hg?" lIons, DMF Small Molecule, and
Adsorption of Hg*" Ions from Water Solution".
Journal of Solid State Chemistry (286),121277. DOL:
10.1016/j.jss¢.2020.121277.

[6] Shah, E. V.; Kumar, V.; Sharma, B. K.; Rajput, K.;
Chaudhary, V. P.; Roy, D. R. (2018). "Co-
Tetraphenylporphyrin (Co-TPP) in TM-TPP (TM =
Fe, Co, Ni, Cu, and Zn) Series: A New Optical
Material under DFT". Journal of Molecular
Modeling (24), 239. DOI: 10.1007/s00894-018-
3783-8.

[7] Liao, M.-S.; Scheiner, S. (2002). "Electronic
Structure and Bonding in Metal Porphyrins,
metal=Fe, Co, Ni, Cu, Zn". The Journal of Chemical
Physics (117),205-219. DOI: 10.1063/1.1480872.

[8] Ammar, H. Y.; Badran, H. M. (2019). "Effect of CO
Adsorption on Properties of Transition Metal Doped
Porphyrin: A DFT and TD-DFT Study". Heliyon (5),
¢02545. DOI: 10.1016/j.heliyon.2019.e02545.

[9] Zhang, W.; Lai, W.; Cao, R. (2017). "Energy-Related
Small Molecule Activation Reactions: Oxygen
Reduction and Hydrogen and Oxygen Evolution
Reactions Catalyzed by Porphyrin- and Corrole-

Based Systems". Chemical Review (117), 3717-
3797. DOI: 10.1021/acs.chemrev.6b00299.

[10] Dogutan, D. K.; Bediako, D. K.; Graham, D. J;
Lemon, C. M.; Nocera, D. G. (2015). "Proton-
Coupled Electron Transfer Chemistry of Hangman
Macrocycles: Hydrogen and Oxygen Evolution
Reactions".  Journal  of  Porphyrins  and
Phthalocyanines (19), 1-8. DOI:
10.1142/S1088424614501016.

[11] Wang, S.; Lu, A.; Zhong, C.-J. (2021). "Hydrogen
Production from Water Electrolysis: Role of
Catalysts". Nano Convergence (8), 4. DOIL:
10.1186/s40580-021-00254-x.

[12] Rose, M. J.; Gray, H. B.; Winkler, J. R. (2012).
"Hydrogen Generation Catalyzed by Fluorinated
Diglyoxime—Iron Complexes at Low Overpotentials.
Journal of the American Chemical Society (134),
8310-8313. DOI: 10.1021/ja300534r.

[13] Singh, W. M.; Baine, T.; Kudo, S.; Tian, S.; Ma, X.
A. N.; Zhou, H.; DeYonker, N. J.; Pham, T. C;
Bollinger, J. C.; Baker, D. L.; Yan, B.; Webster, C.
E.; Zhao, X. (2012). "Electrocatalytic and
Photocatalytic Hydrogen Production in Aqueous
Solution by a Molecular Cobalt Complex".
Angewandte Chemie International Edition (51),
5941-5944. DOI: 10.1002/anie.201200082.

[14] McCrory, C. C. L.; Uyeda, C.; Peters, J. C. (2012).
"Electrocatalytic Hydrogen Evolution in Acidic
Water with Molecular Cobalt Tetraazamacrocycles".
Journal of the American Chemical Society (134),
3164-3170. DOI: 10.1021/ja210661k.

[15] Jacques, P.-A.; Artero, V.; Pécaut, J.; Fontecave, M.
(2009). "Cobalt and Nickel Diimine-Dioxime
Complexes as Molecular Electrocatalysts for
Hydrogen Evolution with Low Overvoltages".
Proceedings of the National Academy of Sciences
(PNAS) (1006), 20627-20632. DOL:
10.1073/pnas.0907775106.

[16] Cioncoloni, G.; Roger, I.; Wheatley, P. S.; Wilson,
C.; Morris, R. E.; Sproules, S.; Symes, M. D. (2018).
"Proton-Coupled Electron Transfer Enhances the
Electrocatalytic Reduction of Nitrite to NO in a
Bioinspired Copper Complex". ACS Catalysis (8),
5070-5084. DOI: 10.1021/acscatal.8b00361.

[17] Liao, M.; Scheiner, S. (2002). "Comparative Study of

Metal-porphyrins, -porphyrazines, and -
phthalocyanines".  Journal of Computational
Chemistry (23), 1391-1403. DOI:

10.1002/jce.10142.

[18] Beyene, B. B.; Hung, C.-H. Recent Progress on
Metalloporphyrin-Based ~ Hydrogen  Evolution
Catalysis. (2020). Coordination Chemistry Reviews
(410), 213234. DOI: 10.1016/j.ccr.2020.213234.

[19] Castro-Cruz, H. M.; Macias-Ruvalcaba, N. A.
(2022).  "Porphyrin-Catalyzed  Electrochemical
Hydrogen Evolution Reaction. Metal-Centered and
Ligand-Centered =~ Mechanisms".  Coordination



16 Dao Duy Quang / Tap chi Khoa hoc va Cong nghé Pai hoc Duy Tan 02(75) (2026) 4-16

Chemistry  Reviews  (458),
10.1016/j.ccr.2022.214430.

[20] Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.;
Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R;
Scalmani, G.; Barone, V.; Petersson, G. A.;
Nakatsuji, H.; Li, X.; Caricato, M.; Marenich, A. V_;
Bloino, J.; Janesko, B. G.; Gomperts, R.; Mennucci,
B.; Hratchian, H. P.; Ortiz, J. V.; Izmaylov, A. F.;
Sonnenberg, J. L.; Williams; Ding, F.; Lipparini, F.;
Egidi, F.; Goings, J.; Peng, B.; Petrone, A.;
Henderson, T.; Ranasinghe, D.; Zakrzewski, V. G.;
Gao, J.; Rega, N.; Zheng, G.; Liang, W.; Hada, M.;
Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.;
Nakai, H.; Vreven, T.; Throssell, K.; Montgomery
Jr., J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M. J.;
Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; Staroverov,
V. N.; Keith, T. A.; Kobayashi, R.; Normand, J.;
Raghavachari, K.; Rendell, A. P.; Burant, J. C,;
Iyengar, S. S.; Tomasi, J.; Cossi, M.; Millam, J. M.;
Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W_;
Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman,
J. B.; Fox, D. J. Gaussian 16 Rev. C.01, 2016.

[21] Chali, J.-D.; Head-Gordon, M. (2008). "Long-Range
Corrected Hybrid Density Functionals with Damped
Atom—Atom Dispersion Corrections". Physical
Chemistry Chemical Physics (10), 6615. DOI:
10.1039/b810189b.

[22] Grimme, S. (2006). "Semiempirical GGA-type
Density Functional Constructed with a Long-range

214430. DOLI:

Dispersion Correction". Journal Computational
Chemistry (27), 1787-1799. DOI:
10.1002/jcc.20495.

[23] Galano, A.; Alvarez-Idaboy, J. R. (2014). "Kinetics
of Radical-Molecule Reactions in Aqueous Solution:
A Benchmark Study of the Performance of Density
Functional Methods". Journal Computational
Chemistry (35), 2019-2026. DOI:
10.1002/jcc.23715.

[24] Chemcraft - Graphical Software for Visualization of
Quantum Chemistry Computations. Version 1.8,
Build  682.  Https://www.Chemcraftprog.Com.
https://www.chemcraftprog.com.

[25]Lu, T.; Chen, F. (2012). "Multiwfn: A
Multifunctional Wavefunction Analyzer". Journal
Computational Chemistry (33), 580-592. DOI:
10.1002/jcc.22885.

[26] Markovi¢, Z.; ToSovié, J.; Milenkovié, D.; Markovié,
S. (2016). "Revisiting the Solvation Enthalpies and
Free Energies of the Proton and Electron in Various
Solvents". Computational and Theoretical Chemistry
(1077), 11-17. DOI: 10.1016/j.comptc.2015.09.007.

[27] Heppe, N.; Gallenkamp, C.; Paul, S.; Segura-Salas,
N.; Von Rhein, N.; Kaiser, B.; Jaegermann, W.;
Jafari, A.; Sergueev, 1.; Krewald, V.; Kramm, U. 1.
(2023). "Substituent Effects in Iron Porphyrin
Catalysts for the Hydrogen Evolution Reaction".
Chemistry - A European Journal (29), €202202465.
DOI: 10.1002/chem.202202465.



